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THE CITY UNIVERSITY OF NEW YORK

Abstract

Adsorption and Synergism in Superspreading of
Trisiloxane Surfactant —N-alkyl Pyrrolidinone Mixtures
on Polyethylene Substrates
by

Yongfu Wu

Advisor: Professor Milton J. Rosen

To investigate the mechanism(s) of synergism in superspreading,
surface tensions, contact angles and adsorption isotherms of surfactant
aqueous solutions have been measured. It was found that the adsorption of
trisiloxane surfactant(L77) from its aqueous solution onto powered polyethylene
can be remarkably enhanced by the addition of certain N-alkyl pyrrolidinones
and that there is a significant attractive interaction between the surfactant
molecules at the polyethylene/aqueous solution interface. The reductions in
interfacial pressure at the liquid/air, solid/liquid and solid/air interfaces caused
by the surfactant mixtures have been evaluated by use of the Gibbs equation.
The surface tension at the liquid/air interface is always increased in the
mixtures, indicating that there is no synergism at this interface upon the addition

of N-alkyl pyrrolidinones. However, the interfacial pressure at the solid/liquid
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interface is increased when L77 and the proper N-alkyl pyrrolidinone are mixed
at a certain ratio, indicating that the mixtures can show synergistic effect at this
interface. Compared with the changes at the liquid/air interfface and the
solid/liquid interface, the change at the solid/air interface is insignificant. The
change in the spreading coefficients on polyethylene film of aqueous solutions

of L77, when mixed with the N-aikyl pyrrolidinone is in almost the same order

as that of their enhancement of the spreading.

in order to investigate the cause of the changes in interfacial tensions at
the various interfaces produced by replacement of L77 by N-alkyl pyrrolidinone,
interaction parameters (B) of L77 with the different pyrrolidinones at the various
interfaces were determined. 87, for all mixtures was between 0 and -1,
indicating that the interaction at the air/aqueous solution interfaces is very
weak. However, the values of Bg, were between -2.7 and -6.7 for the mixtures
with those N-alkyl-pyrrolidinones that produce enhancement of the
superspreading of aqueous solution of L77 on polyethylene, indicating a
significant attractive interaction with L77 at the polyethylene/aqueous solution
interface. The order of increasing negative B3, values is L77-C2,6P>L77-
C6P>L77-C8P> L77-CHP> L77-C4P, which is exactly the same as the order of
increasing enhancement of superspreading. This attractive interaction resulits in

a remarkable enhancement of adsorption of L77 onto polyethylene from the

aqueous solution of the mixtures.
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CHAPTER 1

INTRODUCTION

1.1 General Aspects

it is well known that spreading of a liquid on a solid or wetting of a solid
surface by a liquid is a basic component in many natural processes and
commercial technologies. Some examples include the spreading of liquids such
as coatings or inks on substrates ranging from clean metals to plastics, the
penetration of inks into porous substrates such as paper, and the spreading of
pesticide formulations on waxy weed leaf surfaces. Most application areas have
their own specialized literatures!'®! and test methods *'!. Over many years,
the subject of the solid/liquid interface and related phenomena, such as wetting
and spreading, has attracted considerable interest from chemists, especially
surfactant chemists, and has been the focus of a wide range of investigations

because of its theoretical and practical implications ['7-24].
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Recent work on the spreading behavior of the polysiloxane-based
surfactants has found that aqueous solutions of certain trisiloxane surfactants
have the ability to spread on hydrophobic surfaces to a much greater extent
than aqueous solutions of hydrocarbon-based surfactants, even when the latter
surfactants are excellent wetting agents for other <ubstrates®. Such unusual
spreading behavior is now often called "superspreading” or "superwetting”.
During the last decade, this spreading of aqueous trisiloxane surfactant
solutions over low-energy hydrophobic surfaces has been of great interest to
chemists'?®-*%! because of their extraordinary spreading ability. Superspreading
is usually ascribed to the ability of the trisiloxane surfactant to decrease the
surface tension of the aqueous spreading solution to 20-21 mN/m, which is
significantly lower than the minimum tension of 25 mN/m attainable with an

aqueous hydrocarbon chain surfactant.

Most noteworthy is the finding of “synergism” in the superspreading of
aqueous mixtures of a trisiloxane surfactant and a hydrocarbon chain surfactant
over hydrophobic substrates, such as Parafim and polyethylene. Recent
investigations in our laboratory!®3! have revealed that certain surface active
materials with short hydrophobic chains, such as N-butyl, hexyl-, octyl- and 2-
ethyhexyl-pyrrolidinones, aithough their aqueous solutions do not spread

significantly on hydrophobic surfaces, when mixed with aqueous solutions of
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ethoxylated trisiloxane, such as SILWET L77, can remarkably enhance the

spreading ability of the latter on Parafilm and polyethylene, even when the total

concentration is kept constant.

We have found that this synergistic effect is not associated with any further
lowering of the surface tension of the solutions. To date, various theories have
been proposed to explain the superspreading behavior of trisiloxane aqueous
solutions on low-energy hydrophobic surfaces, a great deal of work has been
done. and a considerable number of papers have been published?5%.
However, very few papers'®*' have been published related to synergism in the
superspreading of aqueous solutions of mixtures of trisiloxane surfactant and
hydrocarbon chain surfactants. Consequently, the mechanism of such
synergism is not yet understood. The purpose of this investigation was to
elucidate the mechanism involved in the “superspreading” of certain trisiloxane

surfactants, especially the phenomena leading to “synergism” in the

superspreading.

1.2 Overview
1.2.1 Siloxane Surfactants

Siloxane surfactants consist of dimethysiloxane groups coupled to one or

more polar groups'®s. Siloxane surfactants of the proper structure can lower
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aqueous surface tension to smaller values than can be achieved by using
hydrocarbon surfactants, to values as low as 20 mN/cm. The ability of siloxane
surfactants to promote spreading plays an important role in their use in paints
and coatings®®, personal care products!®>*", cosmetics!®®%% textiles’®®, the
lubrication oil industry’®! and agrochemicals as adjuvants for pesticides and
herbicides’® 7. Gradzielski et al.’ attributed the good wetting properties of
siloxane surfactants to low adhesive forces between individual molecules in
interfacial films. Vick!®®! found that the time to wet by the Draves wetting test
depended on the size of the siloxane hydrophobic group and the length of the
polyoxyethylene group — the most rapid wetting was observed for the surfactant

with the shortest siloxane groups and the smallest EO groups.

1.2.2 Superspreading

The unique ability of certain low molecular weight siloxane surfactants to
promote wetting and spreading of dilute aqueous solutions on hydrophobic
surfaces such as Parafilm® and Polyethylene was discovered in the 1960s/4- 7
and has been the subject of numerous patents and papers since then. The
ability of the trisiloxane surfactants to promote spreading on waxy weed leaf

surfaces such as Velvetieaf and Lambsquarter is the basis of their use as

herbicide adjuvants or wetting agents.
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The molecular structure of the trisiloxane surfactants, and the origin of the
difference between the hydrocarbon and siloxane surfactants is illustrated in

Figure 1.

Figure 1 shows that the surface active character of the trisiloxane
surfactants is due to the methyl groups - the surface energy of a methyl-
saturated surface is about 20 mN/m. In contrast, most hydrocarbon
surfactants contain alkyl or alkylaryl hydrophobic chains which consist of mostly
-CH,— groups. The surface energy of such a surface is dominated by the
methylene groups and for this reason hydrocarbon surfactants typically achieve
surface tension of about 25 mN/m or higher. Thus, the lower surface tensions

given by siloxane surfactants can be traced directly to the different surface

energies of -CHi— vs .—-CHj-.

The need to better understand the superspreading of siloxane derivatives
has prompted experimental investigations of a number of aqueous surfactant
solutions and dispersions. Early work was aimed at spreading dynamics of
aqueous surfactant solutions on strongly hydrophobic surfaces’®. Recently,
Zabkiewicz and Gaskin®'! | Gaskin and Kirwood®®, and Knoche et al.’®
reported that a trisiloxane surfactant denoted M(D'EsOMe)M, can be used as a
very effective wetting agent for water-based herbicides on fairly hydrophobic

plant leaves, where M=(CH,)SiO, E, =(OCH:CH,),, Me =CH,, and D’
=—Si—CH3(R).
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Figure 1. Hydrophobic Group Structures of

(a) A Typical Hydrocarbon Surfactant
(b) A Typical Trisiloxane Surfactant

HC
> (b)
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Table 1 lists the nomenclature and structure of a number of siloxane

surfactants.

Table 1. Nomenclature and Structure of Silicone Surfactants

Surfactant® Structure Manufacture®

M(D'E.OH)M (Me;SiO);Si(Me)(CH):(OCH:CH:),OH DCC
M(D'E;OH)M (Me1SiO);Si(Me)(CH.):(OCH,CH;)sOH DCC
M(D’'E:OMe)M (Me3Si0),Si(Me)(CH.):(OCH;CH:)sOMe osi

M(D'EsOQAC)M (Me;Si0).Si(Me)(CH,)3(OCH.CH:)sOAc DCC
M(D’E:.,OH)M (Me1SiO).Si(Me)(CH,)1(OCH,CH,),,OH DCC
MDM'E.OH Me;SiOSi(Me,)OSi(Me)(CH2)3(OCH.CH)sOH DCC

¥ Me, CHy; M. Me;SiO; D', Si(Me)(CHx—; Ea, (OCH;CHz)n; Ac, OC(C=0)CH;
DCC, Dow Corning Corporation, Midiand, MI; Osi, Osi Specialties, Inc.

Svitova et al®® measured interfacial tensions between a series of
normal alkanes and 0.5 wt% solutions of M(D’EsOH)M. Their resuits showed
that the interfacial tension varied linearly with surfactant concentration in the
bulk solution between about 0.025 mN/m for hexane to 0.4 mN/m for
hexadecane. These small vaiues indicate that trisiloxane surfactants are very
effective at lowering interfacial tensions against low energy hydrocarbon

substrates. Thus, the trisiloxane surfactants meet both criteria for spreading
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over low energy hydrocarbon substrates - small surface and interfacial
tensions. However, the actual spreading behavior exhibits a number of features

which cannot be easily explained, e.g., the synergistic effect in superspreading

without an association with a further lowering in surface tension.

Kanner et al”® observed that “certain methysiloxane-polyether copolymers
with low surface tension in aqueous solution spread rapidly to a thin film on low
energy hydrophobic surfaces such as polyethylene and polystyrene”, and that
“the best wetting agents are based on siloxane hydrophobic groups containing
2 to S silicon atoms and have surface tension of 20-21 dyns per cm”, and
further, that “these wetting agents are also characterized by a rather specific

solubility balance... for optimum wetting, a surfactant must have a limited but

finite solubility in water”.

Ananthapadmanabhan et al.**® investigated the spreading behavior of
several siloxane surfactants on Parafim®. They also observed relationships
between turbidity and spreading, equilibrium surface tension and spreading.
These authors stated that “the structure itseif of the SSI molecule plays a
governing role in determining its superior properties”. Much of the literature
dealing with the spreading of the trisiloxane surfactants describes the spreading
properties in terms of spreading area, spread diameter, or a spread index,
which is a ratio to some benchmark condition. The spread area is usually

defined as the area of a spread droplet after some fixed length of time.
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Zhu et al. 25 %! measured spreading rates of M(D'EgOMe)M on Parafilm®
using a video method. They found that the spread area increased linearly with
time to a plateau value that was proportional to the surfactant concentration —
the droplets spread until the inventory of surfactant to cover the air/aqueous
solution and aqueous solution/substrate interface was exhausted. They also
found a maximum in spreading rates as a function of surfactant concentration
and showed that the spreading rate was linearly related to dispersion turbidity
and sensitive to humidity. The dependence on humidity was taken to indicate

the need for a pre-existing water film on the surface, and the rapid spreading

was attributed to Marangoni effects!®’l.

The critical surface tension of wetting of Parafilm® is about 23dyn/cm ¢!,
Both M(D'’EgOMe)M and M(D'EoOH)M, a more hydrophilic trisiloxane
surfactant, have aqueous surface tensions above their CMC of about 20.5
dyn/cm. However, M(D'E;2OH)M does not wet Parafilm® at all. The reason for
such big difference was not explained by the investigators. Zhu et al did not find

any hydrocarbon surfactants which wet Parafilm®.

Lin et al.*5® working with M(D’EsOH)M, confirmed the concentration
maximum using a quartz crystal microbalance (QCM) to measure spreading
rates on gold substrates whose surface energies were modified by mixtures

with various ratios of HS(CH,)1sCOOH to HS(CH3)1sCH3 and showed that there
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was also a maximum in spreading rates as a function of substrate surface
energy. They also discovered that M(D'E:OH)M spreads with similar
characteristics, except that it is somewhat lower at its maximum value, and

does not spread on Parafilm®.

Stoebe et al. 278991 yged an image analysis method to measure spreading
rates (on gold-coated substrates whose surface energies were modified by
mixtures with various ratio of HS(CH2):;CH,OH to HS(CH>),1CHj3) for solutions
of several trisiloxane surfactants vs. surfactant concentration, substrates
surface energy, relative humidity, and temperature. They also found that spread
area increases linearly with time, and that there are maximum rates vs.
concentration and substrate surface energy. They found that the sensitivity to
humidity depended on the type of substrate - for Parafilm® the effect of

humidity is strong, but for smoother surfaces it is much weaker.

Stoebe et al.®’! have also observed spreading by trisioxane and
hydrocarbon surfactants on mineral oil. The behavior was similar to that on solid
surfaces, except that spreading rates are higher by a factor of 10 — 20 and there
was not a concentration maximum. For the EO, homologues, they observed

stepwise sprading events which correlated with disintegration of visible droplets

of surfactant-rich phase.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

CHAPTER 2

THEORETICAL BACKGROUND

2.1 Spreading Wetting

In spreading wetting (shown in Figure 2), a liquid in contact with a substrate
spreads over the substrate and displaces another fluid, such as air, from the
surface. For the spreading to occur spontaneously, the surface free energy of
the system must decrease during the spreading process. When the area of an
interface increases, the surface free energy at that interface increases; when
the area decreases, the surface free energy decreases. In Figure 2, if the liquid
spreads from C to B, covering an area a, then the decrease in surface free

energy of the system due to decrease in area of the substrate/air interface is

axyga. Where yg, is the interfacial free energy per unit area of the substrate in

equilibrium with liquid-saturated air above it. At the same time the free energy of

the system has been increased because of the increase in liquid-substrate and
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Air (A)

YA
[ Liquid (L)
YSA G ) VSL
B8 C
Substrate (S) (Side view)
—
B C

(Top view)

Figure 2. Spreading Wetting of a Liquid on a Solid Substrate

liquid-air interfaces. The increase in surface free energy of the system due to

the increase in the liquid-substrate interface is axyg , where yg is the

interfacial free energy per unit area at the liquid-substrate interface, and since

the liquid-air interface has also been increased by area a, the increase in

surface free energy due to increase in this interface is axy_,, where v, is the
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surface tension of liquid. Therefore, the total decrease in surface free energy
per unit area of the system due to the spreading wetting, —-AGy /a, is
vsa —(7sL +7wa)- If the quantity yga —(vs. +7a)is positive, the system

decreases in surface free energy during the spreading process, and the

process can then occur spontaneously. Otherwise, If the quantity
7sa —(YsL +7La) iS negative, the system increases in surface free energy

during the spreading process, and the process cannot occur spontaneously.

The quantity vga —(vsL +7La) IS then a measure of the driving force

behind the spreading process, and is usually called the spreading coefficient

S,s-If S, 5. as defined by

Siis =-AGy/a=yga —(YsL +TWa) (1)

is positive, spreading process can occur spontaneously; if S, is negative, the

liquid will not spread spontaneously over the substrate. Furthermore, it is
expected that the more positive the spreading coefficient, the greater the

spreading area made by liquid over substrate.

2.2 The Contact Angle

The contact angle, 8, that the liquid makes when it is at equilibrium with

other phases in contact with it is refated to the interfacial free energies per unit
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area of those phases. When the liquid is in equilibrium with other two phases,

gas and solid substrate, we can diagram the contact angle § as shown in

Figure 3.
Yia
Air (A)
Liquid (L)
Aa-cosf
Ysa YsL
C
Substrate (S) (Side view)
Af—rr————
Air (A) Liquid (L)
Aa
Substrate (S)

(Top view)

Figure 3. Contact Angle (9) of a Liquid Made with a Solid Substrate

For a small reversible change in the position of the liquid on the surface so as to
cause an increase in the liquid/solid interfacial area of Aa, there is a
corresponding decrease Aain the area of the solid/air interface and an increase

in the liquid/air interface of Aa-cos6. Thus,
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AGy = —Ysa -A@+7g -AQ+ 74 -AB-COSO (2)

As Aa—> 0, AGy, — 0, This means

—7ga -da+yg -da+y , -da-cos®=0 (3)
Therefore, YA COSO =Yga — YsL (4)

Equation (4) is generally called Young's equation and the quantity vy _, coso, the
adhesion tension. Note that v, . the interfacial tension in equilibrium with the

gas and solid phases in the system, is not g, the free energy per unit area of
the solid in a vacuum, but yg —n,where = is the reduction in interfacial free

energy per unit area at the solid/air interface resulted from adsorption of vapor

by liquid; thatis, n=yg - yga -

If the contact angle is larger than 0°, then the spreading coefficient

cannot be positive or zero. Since S ;s =ysa —(YsL +Ya) = ¥sa ~YsL —Ywa» @nd

Ysa —TsL = Ywa COSO when 6 > 0°, substituting y_, cos0 for yg, —vg, Yields:

Siis = YA €080 -y 4 =T1a(COSO-1) (5)

When 0 is finite, (cos® -1)is always negative, and S 5, too, is always
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negative. If the contact angle is 0, then S, ,gmay be zero or positive. In the

either case, complete spreading wetting occurs.

2.3 Surface Tension

As described in part 2.1, the interfacial free energy is the minimum
amount of work required to create that interface. The interfacial free energy per
unit area is what we measure when we determine the interfacial tension
between two phases. It is the minimum amount of work required to create unit
area of the interface or to expand it by unit area. When we measure the surface
tension of a liquid, we are measuring the interfacial free energy per uriii area of
the boundary between the liquid and the air above it. Also, as we calculated in
part 2.1, when we expand an interface, the minimum work required to create
the additional area, e.g., Aa, of that interface is equal to the product of the

interfacial tension(y) times the increase area of the interface, i.e., W,,, =7-Aa.

A surfactant is a substance that, when present at very low concentration in a
system, has the property of adsorbing onto the surface or interface of the
system and of altering to a marked degree the amount of work required to
expand those interfaces. Surfactants usually act to reduce interfacial free
energy rather than to increase it, although there are occasions when they are

used to increase it.

It is well known that the molecules at a surface have higher potential
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energies than those in the interior. This is because they interact more strongly
with the molecules in the interior of the substance than they do with the widely
spaced gas molecules above it. Work is therefore always required to bring a

molecule from the interior to the surface.

Surfactants have a characteristic molecular structure consisting of a
structural group that has very weak attraction for the solvent like water, known
as hydrophobic group, together with a group that has strong attraction for the
water, called the hydrophilic group. The typical structure of surfactants is shown
in Figure 1. When a surfactant is dissolved in water, the presence of the
hydrophobic group in the interior of water may cause distortion of the water
molecules, increasing the free energy of the system. Meanwhile, the presence
of the hydrophilic group prevents the surfactant molecules from being expelled

completely from the water as a separate phase.

2.4 Adsorption of Surfactant Solution

As discussed in the previous part, one of the characteristic features of
surfactants is their tendency to adsorb at interfaces in an oriented fashion. This
adsorption has been intensively studied to determine (1) the concentration of
surfactant at the interface; (2) the orientation of the surfactant at the interface;
and (3) the energy changes such as AG, AH and AS in the system, resulting

from the adsorption. These quantities are very important in research on
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surfactants, since they provide information on the type and mechanism of any
interactions involving the surfactant at the interface and the efficiency and
effectiveness of its operation as a surface-active material. The efficiency is
defined as a measure of the equilibrium concentration of surfactant in the liquid
phase necessary to produce a given amount of effect, and the effectiveness is
defined as the maximum effect that the surfactant can produce in that interfacial

process irrespective of concentration.

2.4.1 Adsorption at the Air/Liquid Interface
2.4.1.1 Gibbs Surface

As discussed in the previous part, surfactant molecules have the
tendency to concentrate at interfaces such as the air/iiquid interface. However,
the region of the interface is so small, compared with the bulk solution phase,
that it is difficult to determine directly the amount of surfactant adsorbed per unit

area of the air/liquid interface. A diagram of the interface is shown below.

Phase a
A A
S S
B B’
Phase b
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The phases above the plane A-A’ and below the plane B-B' are
homogeneous bulk phases a and b, e.g., air phase and bulk soiution phase.
The range between A-A' and B-B’ is the interface or surface. In this range the
compositions and properties are uniform within the plane that parallels to the
A-A' and B-B’ planes and continuously change along with the perpendicular
direction of the planes. In the actual case, the boundaries between bulk and
interfacial phases are not sharp, and the thickness of the surface is usually in
the range of 1nm. It is very difficult to get information about the changes of the

composition and properties in the direction of the bulk phase.

There are some different models used in the thermodynamic treatments of
the interfacial phase. The Gibbs surface, the most convenient and widely
accepted model, is an imaginary surface, that is a plane S-S’ between A-A’

and B-B' planes. It is a 2-dimensional geometry plane and is selected as the

interfacial phase.

On the interface phase the composition is described by n} called surface
excess. The surface excess concentration I, is a surface excess per unit area

and represents the adsorption of component jon the surface

[,=nf/A (6)
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In order to fix the position of the Gibbs surface, the usual convention is to

set the dividing surface S-S’ such that [, =0 and adsorption of components

other than 1 is called relative adsorption, I'1°*!l.
2.4.1.2 Gibbs Equation

The relationship between surface excess concentration of solute, C, and
the slope of plot of surface tension vs. concentration, dv/dC, is called the Gibbs

equation.

The fundamental Gibbs equation for adsorption, derived by J. W.

Gibbs'®? in 1878 from thermodynamic concepts®®, is as the following:

dy =-S5dT - Z rdy, (7)

where SS corresponds to the surface entropy, I, denotes the surface excess

per unit area of component i and y, its chemical potential. Equation (7) is one

of the fundamental equations of surface chemistry.

Considering a two-component system, such as a solute in a solvent, and

at condition of constant temperature, Eq. (7) becomes

dy = -Tydu, -du, (8)
If the surface phase is chosen in a position that the surface excess of one

component, usually solvent, is zero, i.e., I, =0, then
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dy = -[du, (9)

At thermodynamic equilibrium of the system
u3 =ud = +RTINf,C, (10)
where C, is the concentration and f, is activity coefficient of the solute in bulk

solution phase. In dilute solution, f, is chosen as unity to a first approximation.

Substituting Eq. (10) into Eq. (9) for 4 gives

dy = -[RTdInC (11)
or dy = -RTrdinC (12)

For a surface active component the surface excess concentration, I, can be

considered equal to the surface concentration, ', without significant error. Eq.
(12) is the form in which the Gibbs equation is commonly used for nonionic

surfactants containing no other materials. When yis in dyn/cm and

R =8.3143x10"ergs-mol'K™', then Cis in mol/cm?.

The area per molecule at the interface provides information on the
degree of packing and the orientation of the adsorbed surfactant molecule,
when compared with the dimensions of the molecule as obtained by use of

molecular models. From the surface excess concentration, the area per

molecule at the interface a;, in square angstroms is calculated from the relation

10"

a,
NT,

(13)
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where N = Avogardo’s number and T, is in mol/cm?.

The Gibbs equation for a mixture of two or more nonionic surfactants in

dilute solution (102 M or less) can be written as:

where I, is excess concentration at interface of component 1, I, is excess
concentration at interface of component 2. C, is the concentration of
component 1 in bulk solution phase, C, is the concentration of component 2 in
bulk solution phase. If we use I, stand for the total excess concentration at the
interface of component 1 and component 2, C, for the total concentration of

component 1 and component 2 in the bulk solution phase, then

L+, =T, (15)

and C,+C, =C, (16)

If we use x; as the mole fraction of component 1 in the bulk solution

phase, the other one must be (1-x,). Therefore,
C1 = X1 ’Ct (17)

C, =(1-x,)-C, (18)

Substituting Eq. (17) and (18) into (14) yields:
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dy = -RT{r,dIn(x,C,) + ,dIn[(1- x,)C, ]}
= -RT{[,d(Inx, +InC,) + [,d[In(1-x,) +InC, ]}

= -RT{[,(dInx, +dInC,) + [,[dIn(1-x,) +dInC,J} (19)

For a series of mixtures with different total concentrations, C, , if the mole

fractions of both components are fixed, they will not change with the
adsorptions, e.g., the adsorption at the air/liquid interface is so small that the
concentration of surfactants in the bulk solution phase at the equilibrium can be
considered to be the same as initial concentration. Consequently, the mole

fractions x, and 1-x, are constants. Therefore

dinx, =din(1-x,)=0 (20)
Substituting Eq. (20) into Eq. (19) yields:

dy = -RT[[,dINC, + [L,dInC,]

= -RT([, + [, )dInC, (21)
Substituting Eq. (15) into Eq. (21) yields:

dy = -RT[,-dInC, (22)
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2.4.2 Adsorption at the Liquid/Solid Interface

2.4.2.1 Mechanisms of Adsorption

The adsorption of surfactants on solid surfaces is the basis for many
technical applications of these substances. Generally, the following factors
determine the extent and orientation of adsorption at the solid/liquid interface:
(1) Types of solvent: aqueous or nonaqueous, and additives such as
electrolytes, short chain alcohols, etc.. (2) Surface properties of the solid
adsorbents where the solids differ according to the specific surface, porosity,
and chemical composition. (3) Vaviation in surfactant structure with respect to

type and size of the hydrophilic or hydrophobic group.

Adsorption may be influenced, in addition to the properties of the
components, by parameters of the system, e.g., temperature and pH. Because
of the variables cited, there are many different adsorption mechanisms that
influence the enrichment of surfactant at the solidfliquid interface!® . Rosen
has classified the adsorption mechanism of ionic and nonionic surfactants as

follows (%€}

1. lon exchange: This mechanism involves the replacement of counter-
ions adsorbed onto the substrates from solution by similarly charged surfactant
ions.

2. lon pairing: Adsorption of surfactant ions takes place from solution

onto oppositely charged sites unoccupied by counterions.
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3. Hydrogen bonding: Adsorption takes place by hydrogen bonding
between substrate and adsorbate.

4. Adsorption by polanization of rxelectrons. Adsorption on solid
surfaces is the result of attractive interaction forces between electron-rich
aromatic nuclei of the adsorbate and positive sites located on the substrate.

5. Adsorption by van der Waals dispersion forces: Adsorption by this
mechanism generally increases with increase in the molecular weight of the
adsorbate. This mechanism may act as a supplementary mechanism to all

other types of adsorption mechanisms.

6. In addition, adsorption may occur by “altemating hydrophobic
bonding™’ %9 This mechanism takes place when the attractive forces of the
surfactants become large enough to pemit them to adsorb onto the solid
surface by chain aggregation. By this mechanism, at higher surface coverage

surfactant adsorption from the liquid phase may take place onto or adjacent to

surfactants already adsorbed.

in view of the absence of charged sites, adsorption of nonionic
surfactants onto solids generaily follows mechanisms 3-6. Since the interaction
forces between adsorbent and nonionic surfactant are small in comparison to
ionic surfactants, the shapes of adsorption isotherms and adsorption

thermodynamics are mainly affected by the molecular structure of surfactants.
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2.4.2.2 Adsorption Isotherms

At the solid-liquid interface, the following information is of interest to
researchers:

(1) the amount of surfactant absorbed per unit mass or unit area of the
solid adsorbent, i.e., the surface concentration of the surfactant at a given
temperature, since this is a measure of how much of the surface of the
adsorbent has been covered, and hence changed, by the adsorption; (2) the
equilibrium concentration of surfactant in the liquid phase required to produce a
given surface concentration of surfactant at a given temperature, since this
measures the efficiency with which the surfactant is adsorbed; (3) the
concentration of surfactant on the adsorbent at surface saturation at a given
temperature, since this determines the effectiveness with which the surfactant is
adsorbed; (4) the orientation of the adsorbed surfactant and any other
parameters that may shed light on the mechanism by which the surfactant is
adsorbed, since a knowledge of the mechanism allows researchers to predict
how a surfactant with a given molecular structure will adsorb at the interface; (5)
the effect of adsorption on other properties of the adsorbent. An adsorption
isotherm is a mathematical expression that relates the concentration of
surfactant at the interface to its equilibrium concentration in the liquid phase.

Since most of the desired information can be obtained from the adsorption
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isotherm, determination of adsorption isotherms is very essential to the study of

the performance of surfactants at the solid-liquid interface.

The fundamental equation for calculating the amount of one component

(component 1) of a binary solution adsorbed onto a solid adsorbed is (Aveyard,

1973)

m

= nx, -nix, (23)

where n, =the total number of moles of solution before adsorption
AX, = X,4 = X,
x,, =the mole fraction of component 1 before adsorption

x,, X, =the mole fraction of component 1 and component 2 at adsorption
equilibrium
m =the mass of the adsorbent, in grams

n;,n; =the number of moles of component 1 and component 2 adsorbed

per gram of adsorbent at adsorption equilibrium.

When the liquid phase is a dilute solution of a surfactant (component 1)
that is much more strongly adsorbed onto the solid adsorbent than the solvent

(component 2), then n,Ax, = An, where An, =the change in the number of

moles of component 1 in solution, n; =0, and x, = 1. Thus
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ns =AM _ ACV

— (24)
m m

where AC, =C,, -C,

C,, =the molar concentration (in moles/liter) of component before
adsorption, in the liquid phase

V =the volume of the liquid phase, in liters.

For n; to be determined with suitable accuracy, the values of AC,, the
change in the molar concentration of the surfactant solution upon adsorption,

must be appreciable when compared to C,,, its initial concentration. For this to

be so, the solid adsorbent must have a large surface area/gram, i.e., large

specific area.

For dilute solutions of surfactant, the number of moles of surfactant
adsorbed per unit mass of the solid substrate can be calculated from the
concentrations of the surfactant in the liquid phase before and after the solution

is mixed and shaken with the finely divided solid adsorbent. The mixture shouid
be shaken until adsorption equilibrium has been reached. Then n; is plotted
against C, to yield the adsorption isotherm. A variety of analytical techniques

are available for determining the change in concentration of the surfactant in the
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solution, depending on the character and properties of the surfactant molecules

to be analyzed.

The surfactant adsorption, [, . in molicm?, of the surfactant can be
calculated when a,, the surface area per unit mass of the solid adsorbent, in
cmzlg (the specific surface area), is known.

_acy

[, =
=g xm

(25)

For solid substance that cannot be obtained in finely divided form, surface
concentration can sometimes be calculated from contact angles. The

determination of adsorption of surfactants onto planar solid surfaces will be

discussed in section 2.4.2.6.

The adsorption isotherm can also be plotted in terms of [, as a

function of C,. The surface area per adsorbate molecule on the adsorbent, a;,

in square angstroms, is

(26)

where N is Avogadro’s number.
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2.4.2.3 Types of Adsorption Isotherms

As discussed in the previous part, the nature of the adsorption
mechanism may be deduced from the adsorption isotherm, in which the amount
adsorbed is determined as a function of solution concentration. Adsorption
isotherms may vary and have been classified by Giles et al.l**'% According to
them, four characteristic classes are identified, based on the form of the initial
part of the isotherm, with subgroups related to the behavior at higher

concentrations. The isotherms are shown in Figure 4.

The L (Langmuir) class is the most common and is characterized by an
initial region which is convex to the bulk phase concentration axis. The L2
isotherm reaches a plateau, and further adsorption above this value gives the
L3 isotherm, and if that reaches a second plateau it is designated L4. The fifth L
type shows a maximum and reflects a special set of circumstance - it is found
with solutes that associate in solution and contain highly surface-active

impurities (a maximum is not thermodynamically possible in a pure system).

For the S class the initial slope is concave to the bulk phase
concentration axis, and this is frequently followed by a point of inflection leading
to an S-shape isotherm. The H (high affinity) class results from extremely strong
adsorption associated with chemisorption or other strong interactions at very

low concentrations, giving an apparent intercept on the ordinate, e.g., stearic
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1 / )
2 —

Equilibrium Concentration (C,_)

Figure 4. Classification of Adsorption Isotherms According to Giles et al.
(100191 (_etters indicate class and numbers indicate subgroup).

acid from benzene on metal powders. The C-type curves are found with micro-

porous adsorbents, in which the number of adsorption sites remains constant
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throughout the concentration range. As sites are covered, new sites appear and
the surface available expands proportionally with the amount of solute
adsorbed. Cases of C type linear adsorption have been found after an initial
portion of L or H type. The inflections in subgroup 3 and the second in

subgroup 4 may reflect a change in orientation of the adsorbed solute or the

formation of a second layer.

However, for adsorption from dilute solution, the most frequent types of
adsorption isotherms are as shown in Figure 5['% At low concentrations, the
adsorption isotherms frequently may be expressed by either the Freundlich!'%*

or Langmuir relationship. The Freundlich equation is:
Q=kC"" (27)

where Q is the molar (or weight) adsorbed per unit weight of adsorbent, C is the
molar (or weight) concentration of adsorbate in solution at equilibrium, and k

and n are the experimental parameters which depend on the system of

adsorbent and adsorbate.

The Langmuir equation, which originally was derived for the adsorption

of gases on solids, may also be applied to adsorption from solution and will be

discussed in Section 2.4.2.4.
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Equilibrium concentration (Ceq)

Figure 5. Examples of Frequently Observed Adsorption Isotherms

2.4.24 The Langmuir Adsorption isotherm

A type of adsorption isotherrn commonly observed in adsorption from

solutions of surfactants is the Langmuir-type isotherm (Langmuir,1918),

expressed by

C m
C .: rSL (28)

« ta

rs‘=

where [, =the surface concentration of the surfactant, in mol/cm?

I'Z =the maximum surface concentration of the surfactant, in mol/cm?, at

monolayer adsorption
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C., =the concentration of the surfactant in the liquid phase at adsorption
equilibrium,in mol/L
a =a constant [= 55.3exp(AG°/RT)], in mol/L, at absolute temperature

T, in the vicinity of room temperature and where AG® is the free energy at

infinite dilution.

This type of adsorption is valid in theory only under the following

conditions:
1. The adsorbent is homogeneous.
2. Both solute and solvent have equal molar surface areas.
3. Both surface and bulk phase exhibit ideal behavior, e.g., no solute-
solute or solvent-solvent interactions in either phase.
4. The adsorption film is monolayer.

Many surfactant solutions show Langmuir-type behavior, even when these

restrictions are not met %4,

24.2.5 Adsorption of Nonionic Surfactants

Nonionic surfactants are physically adsorbed, rather than chemisorbed.
However, they differ from many other surface-active solutes in that quite smail

changes in concentration, temperature, or molecular structure of the adsorbate
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can have a large effect on the adsorption. This is due to adsorbate-adsorbate
and adsorbate—solvent interactions . which cause solute aggregation in the bulk
solution and which lead to changes in orientation and packing of surfactants at
the surface. A general scheme of the most likely orientation changes undergone
by nonionic surfactants adsorbed from aqueous solution is shown in Figure

6!'%!. The three isotherms corresponding to the different adsorption sequences

are shown in Figure 74'%.

In the first stage of adsorptiors [Figure 6(1)] the surfactant is adsorbing on a
surface where there are very few other adsorbate molecules and where
consequently the adsorption amount of adsorbate increases almost linearly
with the increase of the equilibrium concentration of solute in the bulk phase
solution. Adsorption occurs because of van der Waals interaction (principally
dispersion forces) and therefore, in the case of an aqueous solvent, it is
determined mainly by the hydrophobic moiety of the surfactant. Nevertheless,
the polar groups of the surfactant raay have some interactions with the surface,
and hydrophilic ethylene oxide groups can have a slight positive adsorption
even on a non-polar adsorbent !'%™971 When the interaction is due to dispersion
forces, the heats of adsorption are relatively small and correspond to the heat
liberated by replacing surface solvent molecules with surfactant (19-1%91 At this
stage the adsorbate molecule terads to lie flat on the surface because its

hydrophobic portion is positively adsorbed, as are most types of nonionic
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hydrophilic head groups, especially large polyethylene oxide ones. With the

molecule lying parallel to the surface, the adsorption energy will increase in

U aef e O
1 1

T s

s,
RiE L

. IT3

Figure 6. Model for the Adsorption of Nonionic Surfactants, showing
the orientation of surfactant molecules at the surface!*?!,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(A) (8)

IV
i

Cz CZ

(C)

Figure 7. Adsorption Isotherms
[\ Corresponding to the Three
Adsorption Sequences shown in
I Figure 6, indicating the different
il orientations. CMC is indicated
j by an arrow %],
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almost equal increments for each additional carbon atom in its alkyl chain, and
the initial slope of the isotherm will increase correspondingly (Traube's rule).

The same can also happen with each additional ethylene oxide group "%,

The approach to monolayer saturation with the molecules lying flat
[Figure 6(ll)] is accompanied by a gradual decrease in the slope of the
adsorption isotherm. Aithough most of the “free” solvent molecules will have
been displaced from the surface by the time the monolayer is complete. the
surfactant itself will probably still be hydrated at this stage, so there will continue
to be solvent molecules in the interfacial layer ['®!. Increase in the size of the
surfactant molecule by, for example, lengthening an alkyl or polyethylene oxide
chain, will decrease the adsorption. On the other hand, increasing temperature
should increase the adsorption because de-solvation reduces the effective size
of the adsorbate!''®'''l in gemeral, increasing temperature reduces the

solubility of nonionic surfactants but increases their surface activity. This is also

true for fatty alcohols [''21"3,

The subsequent stages of adsorption are increasingly dominated by
adsobate—-adsorbate interactions, although it is the absorbate-adsorbent
interactions that initially determine how the adsorption progresses when stage |l

is complete. The absorbate—adsorbent interaction depends on the nature of the
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adsorbent and on the hydrophobic-hydrophilic balance in the surfactant. When
the hydrophilic group is only weakly adsorbed, it will be dispiaced from the
surface by the alkyl chains of adjacent molecules [Figure 6 (lll)]. This can occur
more readily when the adsorbent is non-polar or when the surfactant has a
short polyethylene oxide chain rather than a long one. However, if there is a
strong attraction between the hydrophilic group and the surface, such as may
occur with polar adsorbents like silicates and oxides, the alkyl chain is displaced
{Figure 6 (lI)C]. The intermediate situation [Figure 6(111)B] occurs when neither
type of displacement is favoured and the adsorbate then remains flat on the
surface. In this case adsorption might not be expected to change with
subsequent increase in surfactant concentration, except perhaps from a slight
increase due to surfactant de-solvation. However, it has been suggested that
multilayers of horizontally oriented adsorbate can be formed!''4''Sl,
Nevertheless, apart from some adsorption data for smectite clay ''5-''7), there
does not seem to be very much evidence for the existence of layers of nonionic

surfactant molecules lying flat on the surface at high bulk solution

concentration.

The change in amount adsorbed in the third stage of adsorption is unlikely
to be large, but as the concentration of surfactant in the bulk solution

approaches the C.M.C. (Critical Micelle Concentration), there will be a tendency
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for the alkyl chains of the adsorbed molecules to aggregate. This will cause the
molecules to become vertically oriented and there will be a large increase in
adsorption (Stage IV). This increase is probably not entirely caused by the
change in orientation. The lateral forces due to alkyl chain interactions in the
adsorbed layer will compress the head group, and for an ethylene oxide chain
this will result in a less coiled, more extended conformation. There may also be
some de-solvation. However, even in the close-packed monolayer the ethenoxy
chain will not be fully extended " *¢-'?°l. The longer the surfactant alkyl chain the
greater will be the cohesion force and hence the smaller the surfactant cross
sectional area. This may explain why saturation adsorption increases with chain
length. With non-polar adsorbents, the adsorption energy of a methylene group
is almost the same as its micelkization energy!'"”), so the surface aggregation
process can occur quite easily even at concentrations below the bulk solution
C.M.C.. With polar adsorbents, however, the head group may be quite strongly
bound to the surface, and partial detachment of a large ethenoxy chain from the
surface, needed for close-packing of the alkyl chains [Figure 6(IV)C], may not
be achieved until the surfactant concentration is above the C.M.C.. When the

adsorption layer is like that shown in Figure 6(IV)C, the surface will be

hydrophobic.
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2.4.2.6 Adsorption on a Planar Solid Surface

As discussed in section of 2.4.2.2, for solid substances that cannot be
obtained in finely divided form, the adsorption isotherms cannot be determined
by the difference in concentration of the bulk solution phase between before

and after adsorption equilibrium. However, the maximum adsorption amount on

their planar surfaces (s, ) can be determined from contact angles.

Values of ;. . at the aqueous solution/solid interface, can be obtained

from the maximum slopes of the y ,cosé vs logC curves. From Young's

equation:

Y C0SO =y —yg (29)

where y,, =the surface tension at the liquid/vapor interface, in mN/m.
7sa =the surface tension at the solid/vapor interface, in mN/m.
vs. =the surface tension at the solid/liquid interface, in mN/m.

@ = the equilibrium contact angle which the liquid phase

makes with the solid, measured in the liquid phase.

If we differentiate both sides of Young's equation by InC, then we have

the following equation:
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d(7,,€C0S8)  dyg, _ dys

= 30
dinC dinC diInC (30)
From the Gibbs equation at the three interfaces, we have:
at the L/A interface, dy./dInC =-nRT -T, 31)
at the S/L interface, d7s. /dINC =-nRT -T, (32)
at the S/A interface, dysa/dInC = -nRT - T, (33)
where [, =the adsorption at the liquid/vapor interface, in mol/cm?,

I;, =the adsorption at the solid/liquid interface, in mol/cm?,

[, =the adsorption at the solid/vapor interface, in mol/cm?

C = Surfactant concentration in bulk solution phase, in mol/L

n= 1 for nonionic surfactants

Substitution of Equations {31), (32) and (33) into Eq. (30) , at constant

temperature, yields:

d(ycl-;‘l:?:s 2 =-nRTTg, -{-nNRTTy ) = nRTTy, - nRTT;, (34)
From which,
1 d cosé
o = Fou + i V;ﬂ 2 ) (35)
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it should be noted that because surfactants with hydrocarbon chains
cannot lower the surface free energy of a solid, such as Parafim®, polyethylene,

or Teflon, therefore, it can be assumed that ¢, is a constant for the planar

solid surfaces with low surface free energy '%' ie., gI};\iC =0. According to

Equation (30), [, =0. Consequently,

_ 1 d(y., cos6)
S 7hRT dInC

(36)

But :‘;{TSE =0 for surfactants with dimethyisiloxane or perfluoralkyl

hydrophobic groups that can lower the surface free energy of a hydrocarbon

solid. Therefore, only the values of ([, -[,,) can be caiculated from

1 d(y,, cos8) (51}
for those systems .
ART _ dInC Y

2.4.3 Adsorption at the Air/Hydrocarbon Solid Interface

As discussed in the previous section, the adsorption at the air/solid
interface is not equal to O for surfactants with dimethyisiloxane or perfluorolkyl
hydrophobic groups that can lower the surface free energy of a hydrocarbon
solid. According to Equation (35), and for nonionic surfactants, the adsorption at

the air/hydrocarbon solid interface can be calculated as following:
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1 y d(y . cosé8)
RT dinC

Fsa=Tg —

(37)

['s. can be obtained directly from an adsorption isotherm; [ can be
calculated through the siope of a plot of y.a vs. In C by use of the Gibbs

equation (Eq. 31) and consequently 'sa can be calculated from ['g. and

d(y.. cos8)

, the slope of the piot of coso vs. In C.
d4InC p P Yea

2.4.4 Adsorption Free Energy

2.4.4.1 Standard Adsorption Free Energy at the A/L Interface
Standard adsorption free energy (AG),) at the air/aqueous solution

interface have been calculated from the equation!'%'%3:

dr
AG?, = -RTI -—)
* n(dC o (38)
dr '
where (——) =a (Traube's constant) (39)
dC .o

which is the slope of plot of surface pressure, 7=y, -y, of the solution

versus the concentration (C) of surfactant at very low concentration. Here, the
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hypothetical standard states of the surface and bulk solution are defined as
when the surfactant has a typical environment of an extremely low surface

concentration at unit surface pressure.

However, good surface tension data in this concentration range are very
difficult to obtain, since traces of ampurities adsorbed from the air or present in
the solvent or in the surfactant to be used can markedly affect the surface
tension results. Therefore, there are only a few studies in the literature using
this approach!’2-'% since investigators of the effect of surfactant on the
surface tension of solvents generally are interested in the region where
surfactants show the maximum effect, rather than the region where they show

little effect. Therefore, the utility of equation (38) is limited.

A new approach to caliculate the standard adsorption free energy at the
air/aqueous solution interface for individual surfactant solutions that is
applicable to data in the high surface pressure region was proposed by Rosen
and Aronsonl'?l. According to this method, a standard free energy of
adsorption, AGZ,, at the air/aqueous solution interface can be calculated by the

equation:

AGS, =RTIna, -z-AS (40)
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where a_= activity of the surfactant in the aqueous phase at a surface pressure

of 7 in the region of surface saturation, where [, =[;* and the molar area of

the surfactant AS = A3, .

The standard state of the surface phase is a hypothetical monolayer of
the surfactant at its closest packing but at a surface pressure of zero. For
nonionic surfactants at dilute concentration (<1x102 M) in the solution phase,

the activity of surfactant in equation (40) can be substituted by its mole fraction,

and equation (40) becomes
AGY, =RTIn(C. /w)-7-A} 41)

where C_=molar concentration of surfactant in the aqueous phase at a surface
pressure of Tand wis the number of moles of water per liter of water. When

C, is in molL, zin mN/m(mJim?), A in A? per molecule, and

R =8.314J-mol ' -K™', equation (40) becomes
AGS,(J/mol) = 2.303RTlog(C, /©) -6.0237-A%,  (42)

When the surface tension of the solvent has been reduced by 20 mN/m, i.e.,

7 =20 mN/m, then the relation becomes

AGY, = 2.303RT-pC,, —6.023x20A%, -2.303RTlogw  (43)
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At saturated adsorption, A} = A, . equation (48) can be replaced by:
AG),(J/mol) = -5710pC,, -120.5A ,, - 9951 (44)

where R=8.314J-mol™' -K', T=298.2 Kand o = 55.3 mol/L.

2.4.4.2 Standard Adsorption Free Energy at the L/S Interface

When adsorption follows the Langmuir equation (Eq. 28), determination
of the values of I, and a permits calculation of the area of the adsorbed
molecule at surface saturation and the free energy of adsorption at infinite
dilution. To determine whether adsorption is following the Langmuir equation
and to permit calculation of the values of I';; and a, the equation is usually

transformed into linear form by inverting it. Thus,

c. C
0 Y., 3 (45)
rSL rSL r SL
or L a 1 (46)

= +
e T@qCq Tl

A plot of C,, /T, versus C,, [equation (45)] should be a straight line whose

slope is 1/I'g and whose intercept with the ordinate is a/I" . Alternatively, a
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plot of 9Ty, versus 1/C,., [equation (46)] should be a straight line with siope

=a/T'J and intercept with the ordinate is 1/T'g, .

When the specific surface area of the solid adsorbent a,is unknown, n;

may be plotted against C, and the Langmuir equation takes the form:

03
n} = ——n;, (47)
Cn+a
The linear forms are
Cen Ceq a
== (48)
nt N, ng
1 a 1
or — = — 49
Nt niC. N (49)

From equation (45), a=C_,when [y =Ig /2 from equation (48), when
n} =n; /2. Therefore, a may akso be determined from a plot of I;, versus C,,
(or n} versus C_,) at the point where Iy, =TI /2 (or n{ =n% /2), i.e., it equals
the equilibrium surfactant concentration in the liquid phase required for one-half

monolayer coverage of the adsorbent surface. In mol/L, a =55.3exp(AG° /RT)

in the vicinity of room temperature, and

-loga=-AG°/2.303RT -1.74 (50)
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Since —loga is therefore a function of the free energy change involved in
the transfer of the surfactant molecule from the liquid phase to the solid
substrate, it is a suitable measure of the efficiency of adsorption of the
surfactant when adsorption folbows the Langmuir equation!'?”). Therefore, the

adsorption free energy at the soflid/aqueous solution interface can be calculated

by use of the equation:

AG), =2.303RTlog(a) - 4.0RT (51)

2.5 The Spreading Coefficient

As discussed in Section 2.1, the spreading coefficient of an aqueous
solution over a solid substrate, S, , is the surface free energy decrease per

unit area as a result of the spreading:
Sis =T¥sa~Ys —Ya (52)
When S, 2 0, the spreading occurs spontaneously; whenS, ;< 0,

spontaneous spreading does nat occur and the liquid produces a contact angle,

0, with the substrate.

2.5.1 Change in Spreading Coefficient upon Mixing

For an L77 aqueous solution:

Stls =Ysx -VsC —Th (53)
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When mixed with pyrrolidinone (or other surfactants):
s =Yea — TS ~7ia (54)

Therefore, the change of the spreading coefficient upon the addition of

the pyrrolidinone is equal to:

Sus L/s-(YSA YSA) ({SL Ysu.) (YLA ‘{LA) (55)

In equation (55), only the value of (y'y -v.’) can be obtained directly
from the plots of yM vs. logC and 7y’ vs. logC. However, the values of

(-,gg _~,;;’ and (ys /s,_ 7)cannot be obtained directly because direct

interfacial tension measurements at the solid/air and solid/liquid interfaces are

not available. However, they can be obtained indirectly.

The interfacial pressure, n, of a system is the difference between the

interfacial tension of the solvent, y° and the interfacial tension of the surfactant

solution, y. Therefore,

=" -y (56)

According to equation (56), for the L77 solution, the interfacial pressure at

the solid/aqueous solution interface equalis:

r% =ve —Tel (57)
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Similarly, for the mixed surfactant solution, the interfacial pressure at the
solid/aqueous solution interface then equais:

T = Vs ~ VSt (58)

Equations (§7) and (58) can be rearranged as below:

YU =Y el (59)
and Tt =y — (60)

Subtraction of equation (59) from equation (60) yields:

Yst —YsL =ML - Ms (61)
In the same fashion, we obtain the equation at the solid/air interface:

TsA ~Ysa =Ty —Ta (62)

Substitution of (61) and (62) into (55) yields the following:

Mix W77 _ (L7T M 77 M Mx  _L77
S’s —-Su/s =(nga —ta ) (g — s ) —(Ya —Yia

=~Ay,\ +Ang - ARg, (63)
where, AYa =Y gt (64)
Amg =mg —mg (65)

ARy, =nen ~ Ly (66)
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Thus, the effect of the addition of the N-alkyl-pyrrolidinone on the
superspreading of the L77 solution (the difference between the spreading
coefficients of the mixture and the L77 solution by itself) can be evaluated from
the changes in surface tension at the liquid/air, and the changes in the

interfacial pressures at the liquid/solid and solid/air interfaces.

2.5.2 Evaluation of Ang_

According to the Gibbs adsorption equation for the solid/liquid interface:

dyst = - NRT 's.-dinC (67)
where ys. = the surface tension at the solid/liquid interface, in mN/m
['sL = the adsorption at the solid/liquid interface, in mol/cm?

C = concentration of surfactant in bulk solution below C.M.C in
mol/L

T = temperature of the system, in K

n = 1 for nonionic surfactants

R = 8.3143 Joules-mol ' K"

If both sides of Eq. (67) are integrated and Eq. (56) is employed , then:

s Cc
deSL =Ys —Ya = Mg = -RTIFSL -dinC (68)
% 0
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Therefore, we obtam:

C
ng =RT [T -dInC (69)
"]

Applying equation (69) to the L77 aqueous solution and its mixed

aqueous solution with pyrrofidinones, the following equations are obtained:
Cp
ne =RT (g7 -dInC,,, (70)
0

Crou
ne =RT ("™ -dInC,, (71)
[}

where, =y is the surface pressure at the solid/aqueous solution interface

caused by the L77 aqueous solution; C_77, the concentration of L77 in the bulk

solution by itself; r;{’ , the adsorption of L77 at the solid/aqueous solution

interface. Similarly, n'is the surface pressure at the solid/aqueous solution
interface caused by the mixed aqueous solution of L77 and pyrrolidinone; Ciota,

the total concentration of L77 and pyrrolidinone in the bulk solution; (™, the

total adsorption of L77 and pyrrolidinone at the solid/aqueous solution interface.

From their adsorption isotherms, [3™ and I}’ can be found as a function
of In(Crea) and In(Cy77), respectively. Therefore, nt* and =’ can be calculated

from the piots of IT™ vs. IN(Ciea) and T vs. In(Cyr7), respectively. The
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definite integrals in equations (70) and (71) are just the areas under the plots of

['s. vs. InC from C equal O to C. In this fashion, the values of (n% —n5 ) at the

concentrations of Crqa and C 77 can be calculated(Figure 8, page 60).

2.5.3 Evaluation of Anga

In the same fashion, we obtain:
C
ng, =RT [T, -dInC (72)
0

where .4 is the adsorption at the air/solid interface, C is the equilibrium

concentration of the surfactant in the solution phase below the C.M.C..

2.6 Interaction and Synergism at the Interfaces
2.6.1 Interaction at the Air/Aqueous Solution Interface

The molecular interaction parameter between two surfactants at an the
air/liquid interface can be evaluated by the following equations, which are based

upon the application of nonideal solution theory to the thermodynamics of the

system!'2S. 130,

X2In(aC,, / X,C?)

A—X)l(-a)C, [A- X5 | (73)
[}
Bia = In(aC,, /X,C,) (74)

(1' x1 )2
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where a is the mole fraction of surfactant 1 in the total surfactant in the solution
phase, (i.e., the mole fraction of surfactant 2 equals 1-a); X; is the mole
fraction of surfactant 1 in the total surfactant in the adsorbed monolayer; C,°,
C.% and C;, are the solution phase molar concentrations of surfactant 1, 2 and
their mixture, respectively, required to produce given surface tension values;
B..is the molecular interaction parameter for mixed monolayer formation at the
same interface. Equation (73) can be solved numerically for X,, when «, C.°
C® and Ci; are obtained from experimental data. A negative value of
p..means a more attractive interaction or less repulsion between the two
surfactant molecules in the monolayer at the air/liquid interface after mixing
than before mixing, and the more negative the value of g/, . the stronger the
attractive interaction or weaker the repuision between the molecules after
mixing. A value of zero indicates ideal mixing. A positive value of 37, indicates

less attraction or more self-repulsion between the molecules after mixing in the

monolayer than before mixing.

The conditions for synergism or negative synergism in surface tension

reduction efficiency to exist are:'3%13"]

Synergism Negative Synergism
1. Bia must be negative 1. B, must be positive
2. B3| >lLn(cs rcy) 2. B >|Ln(CS ICY)
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2.6.2 Interaction in Mixed Micelle Formation

The interaction parameter (3") between two surfactants in mixed

micelle formation in aqueous solution can be evaluated by the following

equations:

XM In(aCY, 7 X¥CM)

(1- X"y Inf(1-a)C% /(1- X} )C¥) =1 (79)
u _ In(aCly /X{'CY)
P Ay e

where C;M, C;™ and C,,;™ are the critical micelle concentrations(C.M.C.) of
individual surfactants 1, 2 and their mixture, respectively, at a given value of « ;
a is the mole fraction of surfactant 1 in the total surfactant in the solution phase;
X is the mole fraction of surfactant 1 in the total surfactant in the mixed micelle;
BY is the molecular interaction parameter that measures the nature and extent
of the interaction between the two different surfactant molecules in the mixed
micelle. Equation (75) can be solved numerically for X;, when a, C;*, C,* and
C:." are obtained from experimental data. A negative value of g means more

aftractive interaction or less repulsion between the two surfactant molecuies in
the mixed micelle after mixing than before mixing, and the more negative the
value of g", the stronger the attractive interaction or the weaker the repulsion

between the molecules after mixing.
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The conditions for synergism or negative synergism in surface tension

reduction efficiency to exist are:!'*''3%

Synergism Negative Synergism
1. B¥ must be negative 1. p® must be positive
2. Ip¥|>Ln(C¥/CY)| 2. p*>|Ln(Cy /CY)

2.6.3 Interaction at the Solid/Aqueous Solution Interface
Interaction parameters (B3, ) for mixed monolayers at the solid/aqueous

solution interface can also be evaluated by the following equations:

X2In(aC,, / X,C?°)
(1-X,)*In[(1-a)C,, /(1- X,)C3]

=1 (77)

_In(aC,, / X,C%)
(1-X,)?

Pt

(78)

where a is the mole fraction of surfactant 1 in the total surfactant in the solution
phase, (i.e., the mole fraction of surfactant 2 equals 1-a); X; is the mole
fraction of surfactant 1 in the total surfactant in the adsorbed monolayer; C,°,
C.° and C,, are the solution phase molar concentrations of surfactant 1, 2 and
their mixture, respectively, obtained at the same vaiue of the adhesion,
7. C0s6, for the case where the solid has a low-energy surface and the
surfactant has a hydrocarbon chain in the molecule!’?'. However, when the

solid has a high-energy surface, or the surfactants have dimethyl siloxane
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groups (or perfluorolky! hydrophobic groups) in the molecules, the values of C,°,

C,% and C;, must be obtained from the plots of s, versus InC and at the same
value of mg_ interfacial pressure at the solid/aqueous interface®'!, which are

shown in Figure 8. Similarly, a negative value of B35 means an attractive
interaction between the two surfactant molecules in the mixed monolayer at the
air/liquid interface, and the more negative the value of Bg, . the stronger the

attractive interaction between the molecules.

2.6.4 Synergism in Interfacial Tension Reduction Effectiveness

Synergism in interfacial tension reduction effectiveness exists when the

mixture of two surfactants at its critical micelle concentration(CMC) reaches a
lower interfacial tension (or a larger interfacial pressure, ®) value than that

attained at the CMC of either individual surfactant. The conditions for synergism

or negative synergism in interfacial tension reductive effectiveness to occurt’?

are:

Synergism Negative Synergism

1. B° - p¥ must be negative 1. B° — B¥must be positive
OCMC M OCMC A M
2. p° - ﬁM|>l!Lr{El_c.3.] 2.p° -p> Ln(_C_L_S:;)
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where CIM¢ CI™C are the molar concentrations of surfactants 1 and 2,

respectively, required to yseld an interfacial tension equal to that of any mixture

at its CMC.

At the point of maximum synergism or maximum negative synergism in

interfacial tension reduction effectiveness, the composition of the mixed

interfacial layer equals the composition of the mixed micelle. «'%, the mole

fraction of surfactant 1 in the solution phase (on a surfactant-only basis) at this
point is obtained!'*?! by solving the following equation (79) numerically for X:€,

and substituting that value into equation (80) to calculate «"€:

P K, (B° - B - X))?
°°“° - K, (B° - B¥)(X})?

=1 (79)

™M .
g., 1xx explp*(1-2X: )]
a'f = : (80)

CM
o T ePlB(1-2X0)

where K, K; are the siopes of the Y - InC plots of the aqueous solutions of

surfactants 1 and 2, respectively; y7, v are the interfacial tensions of

surfactants 1 and 2, respectively, at their respective CMCs; C*, C¥ are the

CMCs of surfactants 1 and 2, respectively.
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Figure 8. Plots of s, vs. LNnC for Aqueous Solutions of L77, C2,6P and Their

Mixture(phosphate buffer, pH=7.00): L77, 8; Mixture with a ,;: 0.381, a; C2,6P, e.
(Wu, Y. F.; Rosen, M. J. Lawngmuir, 2002, 18(6), 2205-2215)
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CHAPTER 3
EXPERIMENTAL

3.1 Materials

The molecular structures of the surfactants investigated, trisiloxane
surfactant and N-alkyl pyrrolidinones, are shown in Chart 1. The relevant

physicochemical properties are listed in Table 2.

3.1.1 Trisiloxane Surfactant, L77

Trisiloxane Surfactant: SILWET L77, a commercial product, was supplied
by OSI Specialties, Inc., Tarrytown, NY, courtesy of Dr. George Policello. Since
the degradation of the siloxane backbone results in loss of surface activity of
the trisiloxane, the aqueous SILWET L77 solution must be made with

phosphate buffer, pH=7.00, to prevent hydrolysis as following!'3"

CH,
H3C—SI—CH3
$ g
_ CH CH
| H,O TS - P e
H3C—Si—(CHp)i—Y ————= | + H,C—Si——O0——Si—CH,
l H" or OH ( Hz)n l |
C|> T CH, CH3
HgC_SI—CHa L Y B
CH3

Y = Hydrophobic moiety
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Chart 1. Molecular Structures of Surfactants Investigated

Trisiloxane-based Surfactant (SILWET L77)

CH, CH, CH,

HyC— Si—O0——Si——O0—Si—CH,

CH;, CH, CH,
C2HO—(C,HO); s—CH;,

Hydrocarbon-based Surfactants (N-alkyi-Pyrrolidinones)

R—N
R I Symbol
—CqHg N-butyl-Pyrrolidinone capP
| N-(2-ethylhexyl)-Pyrrolidinone ¢2 6p
C;Hs '
—CeHia N-hexyl-Pyrrolidinone C6P
-—Q N-cyclohexyl-Pymrolidinone  cHp
—CgHy7 N-octyl-Pyrrolidinone C8P
—CagHa24 N-decyl-Pyrrolidinone C10P
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Table 2. Some Physicochemical Properties

of L77 and the Pyrrolidinones

(in Phosphate Buffer Solution, pH =7.00, 25 °C)

Compound | M.W. SOl(‘":;my e(:g:::;) 8&'32 f::u;) c(:l)c
L77 700 | 7.15x10% | 2050 1560 | 1.33x10*
C4P 141 | No limit 7840 5930 N/A
CHP 169 | 0.155 8270 6220 N/A
CeP 167 | 6.95x102| 7750 5880 N/A
C2,6P 197 | 1.25x10%| 8110 6180 N/A
csP 197 | 5.05x10° | 7940 5830 N/A
C10P 225 | 4.45x10* | 7480 5770 N/A
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3.1.2 N-Alkyl-Pyrrolidinones, CnP

N-Alkyl-Pyrrolidinones(CnP), the additives investigated, including: N-
butyl-pyrrolidinone(C4P), N-hexyl- pyrrolidinone(C6P), N-cyclohexyl-
pyrrolidinone  (CHP), N-octyl-  pyrrolidinone(C8P), N-2-(ethylhexyl)-
pyrrolidinone(C2.6P) and N-decyl-pyrrolidinone(C10P), were supplied by ISP

Corp., Wayne, N.J., courtesy of Dr. John Hornby. All were used without further

purification.
3.1.3 Powdered Polyethylene

Polyethylene powder, was supplied by U.S.l. Chemicals, Co., Cincinnati,
OH, specific area, 0.360 mzlg, and was used for two purposes: (1) To make
polyethylene films for measurement of spreading factors of aqueous solutions
of trisiloxane surfactant L77, N-alkyl-pyrrolidinones and their mixtures. (2) To
determine adsorption isotherms of trisiloxane surfactant L77, N-alkyl-
pyrrolidinones and their mixtures from phosphate buffer aqueous solutions.

Before the powder was used, it was cleaned very carefully. The procedures for

the cleaning are described in Section 3.2.1.

3.1.4 Quartz-Condensed Water

The water used for the preparation of surfactant solutions was deionized

first and then distilled twice. The last distillation was completed with alkaline
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potassium permanganate (KMnQO,) solution and through a one-meter high
Vigreaux column with quartz condenser and receiver. The specific conductivity
of the quartz-condensed water is 1.1x10° Q'em™ at 25 °C and the pH value is

about 5.8.

3.1.5 Potassium Dihydrogen Phosphate

Potassium Dihydrogen Phosphate (KH.PQOs), J. T. Baker Chemical Co.,
Phillispsburg, NJ

3.2 Preparations
3.2.1 Preparation of Polyethylene Film

Before the powder was used, it was cleaned by the following procedure:
(1) Weigh about 20 grams of the powder using a clean, dry 250 mL Erlenmeyer
flask, then wash it with about 100 mL spectroanalyzed methanol and stir it with
an electromagnetic stirrer for about 1 hour. (2) After each washing, filter the
methanol using a pressure filter, evaporate it using a hot water bath; then add
100 mL distilled water to dissolve the residue. (3) Check the surface tension of
the residue solution, if the surface tension decreases to below ~65 mN/m after
each washing, continue the washing till the surface tension reaches a constant,
~65 mN/m. (4) Dry the washed polyethylene powder in a vacuum desiccator

over anhydrous phosphorus pentaoxide (P:0s) for a few weeks. Then the

powder is ready to use.
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The polyethylene film was made by melting a thin layer of the clean
powder on a 10cmx10cm clean glass square with a smali Bunsen burner flame.
After the glass has cooled to room temperature, put it into a large clean beaker
with about 1000 mL distilled water, then heat the beaker to around 70 °C to
make the polyethylene film soft. Use a knife to cut the film along the edges of
the glass very carefully without touching the central area of the side attached to
the glass square and remove it from the glass. The side of the polyethylene film
that had contacted the glass (which is much smoother than the other side) is

used for measuring the spreading factors.
3.2.2 Verification of Hydrophobicity of the Polyethylene Film

The hydrophobicity of a solid surface is commonly measured by the
contact angle which water makes with it ®%. Contact angle results of water on
polyethylene surfaces at 25 °C vary from 88° to 107°, reported by different
investigators!'*-'*8. For the polyethylene film made in this laboratory, the
average advancing contact angle of distilled water at 25 °C was 97°. Due to
oxidation by the oxygen in the environment, surface energy of the polyethylene
film will change with time. As a result, the hydrophobicity of the film will change
after being used many times. Therefore, it is necessary to examine the
hydrophobicity of the film frequently. If the contact angle of water at room
temperature is less than 90°, the film is no longer used for measuring spreading

factors and contact angles of surfactant solutions. The methods to measure
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spreading factor and contact angle are described in sections 3.3.4 and 3.3.6,

respectively.

3.2.3 Preparation of Phosphate Buffer

The buffer solution was made with potassium dihydrogen phosphate
(KH2PO,), sodium hydroxide(NaOH) solution and “quartz” water in the following
manner: dissolve 13.61 grams of KH,PO, with 100 mL “quartz” water in a 2000
mL volumetric flask, add 29.10 mL 2.00 M of NaOH solution, then dilute it with
“quartz” water to the mark, shake it very well and then let it stand for 72 hours.
After that, transfer the buffer solution to a clean 3000 mL beaker to measure its
pH value. The equilibrium pH value is checked by a pH meter and adjusted to
pH=7.00 with sodium hydroxide solution. The pH meter was calibrated by using

two standard buffer solutions at pH=4.00 and 10.00.

3.2.4 Preparation of Surfactant Solutions

The stock solutions were made by dissolving surfactants in the pre-
prepared buffer solution. All other surfactant solutions with different

concentrations were made by diluting the stock solution with the buffer solution.

3.3 Measurements
3.3.1 Measurement of Spreading Factors
Four pieces of glass (about 0.5cmx0.5cm) were placed at the corners of

a clean polyethylene film, which was mounted on an optically flat glass plate
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- (10cmx10cm) resting upon the horizontal mouth of a glass bottle. Using a
microsyringe, which had previously been rinsed with the solution being tested, a
20 uL drop of the solution was placed on the polyethyiene film. The stop watch
was started and another 10cmx10cm glass square was immediately placed
over the four pieces of glass so that the second piece of glass was parallel to
the polyethylene film. After three minutes (when the solution has stopped
spreading), an outline of the spread solution was traced onto the top glass. This
area was then retraced onto standard white paper from which it was cut and
weighed. The exact spreading area was then calculated from the mass of a

piece of the same paper of known area, with the assumption that the paper has

a constant mass per unit area.

After each measurement, the polyethylene substrate was thoroughly
rinsed with methanol, tap water and distilled water, and was then put into boiling
distiled water for at least 30 minutes in order to remove any adsorbed
surfactant. The solutions, all at 1.0g/L total surfactant concentration, which is
much above the CMC of the mixture, were made at 10%, 20%. 30%
...... replacements of the trisiloxane surfactant by the N-alkyl-pyrrolidinone being
tested. Each spreading measurement was done three to five times until the
reproducibility was satisfactory, to ensure minimal relative error. The spreading

area is the average of the areas obtained in each set of measurements. The
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spreading factor (SF) is the ratio: spreading area of the surfactant solution /

spreading area of the same volume of solvent.
3.3.2 Measurement of Surface Tension

Equilibrium surface tension measurements were made by the Wilhelmy
plate technique with a Kruss K-12 tensiometer (Kriss GmbH, Hamburg). The
plate is made of platinum-iridium with length of 19.9 mm and thickness of 0.2
mm. The instrument was calibrated against quartz-condensed water each day
that measurements were made. At 25.0 °C, the surface tension of quartz-
condensed water is 71.97 mN/m. Sets of measurements were taken until the
change in surface tension was less than 0.08mN/m every 15 minutes. The
temperature of the measurement cell was controlled by a water thermostat
within £0.1 °C.

The procedure for measuring surface tension is as follows:

1. Turn on the thermostat bath pump and its heat controller, adjust the
temperature regulator to the desired value, 25 °C.

2. Turn on power of the K-12 tensiometer and the attached processor.

3. Turn the knob to its stop limit o make sure the balance locker is locked,
then take down the platinum plate from its suspension carefully.

4. Rinse a clean sample vessel with the sample solution to be measured three

times, then fill it with the sample solution to about 2/3 volume.
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5. Insert the sample vessel into the thermostat vessel and wait until the
temperature reaches the desired temperature.

6. Rinse the platinum plate with distilled water three times.

7. Heat the plate to red-hot with a Bunsen burner; cool it to room temperature
for measurement.

8. Insert the plate into the suspension carefully, release the balance lock and
wait until the plate stops vibrating. Now a number of “0.000 g"” should appear
on the LC-display of the tensiometer. Otherwise, the tensometer should be
calibrated again.

9. On the LC-dispaly of the processor, use the keyboard to choose (1) Plate
method; (2) Surface tension; (3) Series of measurements.

10. With the selection of “Series of Measurements”, set “min. std. deviation™ as
0.08 mN/m; “max. number of values” as 999"; “interval of measurements” as
900 sec.; “printer output” as “ON=1".

11.Move the vessel up towards the plate until the plate hangs just 1~2 mm
above the solution surface.

12.Press the “START" key on the keyboard of the processor.

The results of surface tension will be taken and printed out every 15
minutes. The standard deviation of the measurements will calculated
automatically after each measurernent. When it less than 0.08 mN/m, the

tensometer will stop measuring autornatically.
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3.3.3 Measurement of Contact Angle

Advancing contact angles were measured with a Contact Angle image
Goniometer and Image Analysis Attachment (Model 100-22, Ramé-Hart, Inc.,
Mountain Lakes, NJ). Seven drops of solution, each about 10ulL, were applied
to the polyethylene surface, which was placed in a thermostatic environmental
chamber saturated with solvent vapor to retard droplet evaporation. Angles
were measured on both sides of each of the seven drops for at least 1 hour at
25 °C. Equilibrium contact angle values were assumed to be obtained when no

changes were observed for 15 min. The equilibrium contact angle values were

reproducible within +0.2°C.

The procedure for measuring the contact angle is described below:

1. Turn on the thermostat bath pump connected to circulating water for the
sample chamber and its heat controller, adjust the temperature regulator to
the desired value (25 °C).

2. Turn the computer on, load and run the image analysis program from the
Window's system, or enter “R" in the 702 directory from DOS system.

3. Press any key to display an image and then press “L" key for a live image.

4. Rotate the measuring and baseline reticles on the microscope until they are

horizontally coincidental.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

5. Place a piece of clean polyethylene substrate (2cmx3cm), attached flat to a
clean glass square of size identical to that of the base of the chamber.

6. Turn the related knobs, focus on the front edge of the substrate to make
sure that it is parallel with the front edge of the leveling stage and vertically
move the substrate until the top surface slightly covers the reticles.

7. Press “B” to check Baseline of the system. If the heights of the left and right
sides differ from each other within 0.5 pixel, the baseline is ready for
measuring. Otherwise, press “L" twice to live image and use the leveling
screws below the chamber to re-level the substrate horizontally until a
satisfactory baseline is achieved. Press “B” to store the latest baseline.

8. Use a micro-syringe to place 5 ~ 7 drops of solution to be tested of 10 uL
volume, on the front edge of the substrate. Cover the chamber tightly to
prevent the sample drops from evaporation.

9. Press “L" for a live image and turn related knob to move the image to the
center of the screen, focus on one of the drops.

10. Adjust intensity of the screen to a proper contrast, e.g., light=250, dark=55,
and fix these values for a set of measurements.

11.Press “A” for automatic scan. It performs both horizontal and vertical scans
automatically on the left side anmd right side of a sessile drop. The readings
of contact angle are shown on thre screen.

12.Repeat. Press “A” to obtain new readings every 10 minutes until the

corresponding values change by less than 0.3 ° after a 10 minute interval.
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3.3.4 Measurement of Adsorption Isotherms

3.3.4.1 Preparation of Solution for Equilibrium Adsorption

Use analytical balance to weigh a dry and clean 50 mL plastic vial (Nalge
Company, Rochester, NY), then weigh about 0.5 grams of clean polyethylene
powder into it. Use a pipet to add 40.00 mL of surfactant(s) solution of known
concentration to the vial. Cover it tightly and shake it vigorously to make the
solution and polyethylene powder mix well. The vial is then placed on a shaking

machine and shaken continuously for 12 hours in order to get adsorption

equilibrium.

3.3.4.2 Separation of Adsorbate Solution and Absorbent Powder

The solution, after adsorption equilibrium, and the polyethylene powder
were separated by use of a centrifuge (SORVALL RC JC Dupont) at speed of
15,000 rpm for about 1 hour. Use a clean pipet to transfer the separated
solution to a dry, clean 50 mL beaker. The effectiveness of the separation was
examined by UV absorbance at a visible wavelength, A=600 nm. If the
absorbance in a 1cm cuvette is less than 0.003, the separation is sufficient. The

methods to measure UV absorbance are described in sections 3.3.7 4.

3.3.43 Two-Phase Titration for L77
The equilibrium concentration of the L77 was determined by two—phase

titration™”13%14% \which is based upon the transfer of a dye—surfactant complex
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between the aqueous phase and the organic phase. The organic-soluble
complex of surfactant with a basic dye is destroyed by an anion and the dye is

released into the aqueous phase and the color changes.

The procedures to titrate L77 with a standard solution of potassium
tetrakis(4-chlorophenyl) borate (Lancaster Synthesis Ltd. Windham, NH) are the
following: (1) transfer 10.00 ml of L77 unknown solution to a glass-stoppered,
100 mL Erlenmeyer flask, add 5.00mL of 6M KOH and 5.00 mL1,2-
dichloroethane as oil phase to the flask, then add 3 drops of 1% Victoria Blue B
(Fluka, Switzerland) methanol solution as indicator. The mixture is now blue.
(2)immediately shake the stoppered flask vigorously; the oil phase tumns to pink
color. (3)The mixture is then titrated with standard potassium tetrakis (4-
chlorophenyl) borate solution (1.00x10*M), with shaking after each drop
addition, until a slightly blue endpoint is reached. The percent error of the
titration is less than 2%(see Appendix | for the error analysis). The calibration

curve is shown in Figure 9. The N-alkyl-pyrrolidinones in the mixture do not

interfere with the titration of L77 P71,
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Figure9 Two-Phase Titration Curve of L77 with
Potassium Tetrakis (4-Chlorophenyl) Borate
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3.3.4.4 UV Absorbance for N-Alkyi-Pyrrolidinones

The equilibrium concentrations of pyrrolidinones were determined by
measuring their UV absorbance (U-2001 UV/NVis Spectrophotometer, HITACHI)
at 2=205 nm. For individual pyrrolidinone solutions, the unknown concentration
can determined by the UV absorbance directly according to Beer's Law from a
calibration curve. However, for binary mixtures of L77 and pyrrolidinone(CnP),
when the concentration of pyrrolidinone is determined by UV absorbance, the
contribution of L77 to the UV absorbance must be deducted. The calibration

curves of L77 and C10P are shown in Figure 10 for example.

According to Beer's Law, the total absorbance for a muiticomponent

system is given by!'*':
Aga =A,+A, +---+ A, =gbc, +g,bc, +---+¢g,bc, (81)

where € is decadic molar extinction coefficient of components, in M 'ecm™,

which depends on the wavelength selected; b the length of cuvette, which is
1.00 cm; c the concentration of each components, in mol/L; the subscripts refer

to components 1, 2,....n. Therefore, the absorbance of pyrrolidinone(CnP) in

the mixture with L77 can be calcuiated by

Ace =Apa A7 =Apa —E177 "Cii7 (82)
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Figure 10. UV Calibration Curves of L77 and C10P
at A=205 nm

(In Phosphate Buffer Solution, pH=7.00, 25 °C)
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The value of € .77 can be pre-determined, and C_;; can be titrated as
described above. The data of the decadic molar extinction coefficients, €, for

L77. C4P, CHP, C6P, C2,6P, C8P and C10P at A=205 nm are listed in Table 2,

page 63.

The procedures to measure the UV absorbance are:

1. Turn the instrument on, check if the cartridge is installed inside the printer,
turn the printer on.

2. Perform a self-diagnosis and automatic wavelength calibration.

3. After initialization, the “Main Menu" screen appears on the display, then
select wavelength scan from the Main Menu.

4. Select the ABS (Absorbance) as the data acquisition mode.

5. Enter the wavelength scan test setup variables as: Strat WL: 400 nm; Stop
WL: 200 nm; UP Scale: 2.500; LO Scale: -0.300; Scan Speed: 100 nm/min.
6. Select the instrumental setup and its variables as: Baseline: User; Response:

Medium; Lamp Change WL: 340 nm; Wi Lamp: ON; D2 Lamp: ON.

7. Collect a user baseline: Rinse two cuvettes thoroughly at least 3 times with
distilled water, then do the same thing with buffer solution. Dry their outsides
carefully with a Kimwipe, then place the cuvettes containing a reference
(buffer) and blank solution (buffer) in both the reference (back) and sample
(front) positions, cover the chamber completely. Highlight “User Baseline” on

the screen in the WL Scan submenu list, then press “ENTER” key. Press
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“FORWARD" key, the measurement screen appears with axes dimensioned
for the impending scan. Press “START" key to begin collection of the
background spectrum. The base line should be a nearly straight line. The
data are stored in the baseline memory location and are used in all
subsequent measurements until a new baseline replaces the current one.

8. Remove the sample cuvette and rinse it thoroughly at least 3 times with
sample solution to be measured, then fill it with the sample solution and dry
outsides. Place the sample cuvette in the front holder, cover the chamber.
Press “START" to begin collection of absorbance.

9. Use the crosshair to trace the spectrum and acquire ABS data from the
spectrum directly. Use the arrow keys to move the crosshair to 205 nm, the
corresponding ABS value appears in the cursor windows. Repeat the

wavelength scan 5~7 times, take the average of all measurements at this

wavelength.
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CHAPTER 4
RESULTS AND DISCUSSION

Part |

Adsorption at Various Interfaces

4.1 At the Air/Aqueous Solution Interface(I'L.)

4.1.1 Adsorption of Individual Surfactants

The adsorption (I'La) of surfactant at the air/aqueous solution interface
can be obtained from the plot of surface tension (y.a) versus log C by use of

equation (31). Data for these individual surfactants have been published.
However, these published results were obtained with different solvents and by
different techniques. In our laboratory, the adsorption of C2,6P, C8P and C10P
at the air/liquid interface has been measured in “quartz” water or 0.1 M NaCl
solution in quartz water'*?. In M. T. Davis' group, they measured surface
tension of L77 in the media of quartz water, and then calculated the result of
minimum areas per molecule at the air/aqueous solution®®. However, the

adsorption of these materials at the air/aqueous solution interface from
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phosphate buffer solution have not been measured. In order to prevent
hydrolysis of L77, all measurements on solutions of L77 and the N-alkyl

pyrrolidinones were done in phosphate buffer solution at pH 7.00.

Figure A-1 shows plots of y.a vs. log C of L77, and of C4P, CHP, C6P,

C2,6P, C8P, and C10P in phosphate buffer solution. The minimum areas per
molecule at the air/aqueous solution, Amy in A?, calculated from the maximum
slopes of the plots in Figure A~1 and equation (31), are listed in Table A-1. By
comparing the resuits listed in Table A-1 with the available published data, it
can be found that they are in good agreement with the resuits published by this
laboratory and H. T. Davis' group. They aiso indicate that the phosphate buffer

solution has no significant effect on the adsorption of the N-Alkyl-pyrrolidinone

and trisiloxane surfactant at the air/aqueous solution interface.

The maximum adsorption (I'La max), Called the effectiveness of adsorption,
of the trisiloxane surfactant L77 and N-alkyl-pyrrolidinones at the air/aqueous
interface increases in the order: L77<C4P<CHP<C2,6P<C6P<C8P<C10P. L77
has the smallest adsorption at the interface because of its largest hydrophobic
head group. On the other hand, the adsorption of N-alkyi-pyrrolidinones at the
interface increases with the length of their hydrophobic chains, except for C2,6P

which has a branched chain and conseguently, a larger area per molecule at
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the interface than C6P. C4P has the shortest hydrocarbon chain, and therefore
the smallest adsorption at the interface, while C10P has the longest one, and
the greatest adsorption. This is consistent with the well-known observation that
the adsorption at the air/aqueous solution interface of surfactants with the same

hydrophilic head group and homologous hydrocarbon chains increases with the

length of the hydrocarbon chain.

Table A-1 also lists the pCyo (the negative log of the surfactant molar
fraction, C2o that reduces the surface tension of the solvent by 20 mN/m,)
values, a measure of the efficiency of adsorption of the surfactant at the

interface and AG., (standard free energy of adsorption) values calculated by

use of equations(13) and(44). L77 has the greatest adsorption efficiency at the
airfaqueous solution interface, although it has the lowest adsorption
effectiveness at the interface. Its most negative standard free energy of
adsorption at the interface indicates that it also possesses highest tendency to
adsorb at the air/aqueous solution interface, compared to the investigated N-
alkyl-pyrrolidinones. This is probably because of the lower surface free energy
produced by the methyl groups in its hydrophobic group. For the N-alkyl-
pyrrolidinones, their adsorption efficiency increases in the order:
C4P<CHP<C6P<C2,6P<C8P <C10P, which is exactly the order of increasing in

the length of the hydrocarbon chain in the molecule.
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4.1.2 Adsorption of Surfactant Mixtures at the Air/Liquid Interface

(i) L77-C4P Mixtures: Figure B—1 shows plots of y.a vs. log C of L77,

C4P and their mixed solutions at different mole fractions of L77. The results of
adsorption at the air/aqueous solution interface are listed in Table A-2. In
Table A-2, when the mole fraction of L77, a 77, equals 1.000, the soluﬁon
contains L77 only, when ay 77 equals 0.000, the solution contains C4P only. The
values of ar 77 in the mixture solutions are the initial mole fractions of L77,
before adsorption equilibrium. However, it is usually considered to be
unchanged after adsorption equilibrium because the adsorption amount at this
interface is so small that the concentration of the two components in the bulk
solution phase remains the same as that before adsorption equilibrium. From
the results, it can be seen that the total maximum adsorption of the mixtures
increases slightly with decrease of a 77, or with increase of mole fraction of
C4P. This is due to the slightly larger maximum adsorption of C4P at the
interface. Furthermore, it can be seen that total adsorption of the mixtures

appears to reach a maximum at o77=0.209. However, this is within the

experimental error of the measurements.
(ii) L77-CHP Mixtures: Figure B-2 shows plots of y.a vs. log C of L77,

CHP and their mixed solutions at different mole fractions of L77. The resuits of

adsorption at the air/aqueous solution interface are listed in the Table A-3.
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From the results, it can be seen that the total maximum adsorption of the
mixtures again increases with a decrease of a 77, or with an increase of mole

fraction of CHP, again due to the larger maximum adsorption of CHP at the

interface( 3.05x107'° mol/cm?).

(iii) L77-C6P Mixtures: Figure B-3 shows plots of v.a vs. log C of L77,

C6P and their mixed solutions at different mole fractions of L77. The results of
adsorption at the air/aqueous solution interface are listed in Table A-4. From
the results, it can be seen that the total maximum adsorption of the mixtures
increases with a decrease of a 77, or with an increase of mole fraction of C6P.

This is due to the larger maximum adsorption of C6P at the interface(3.71 x107'C

mol/cm?).

(iv) L77-C2,6P Mixtures: Figure B-4 shows plots of y.a vs. log C of
L77, C2,6P and their mixed solutions at different mole fractions of L77. The
results of adsorption at the air/aqueous solution interface are listed in Table
A-5. From the results, it can be seen that the total maximum adsorption of the
mixtures increases with a decrease of a 77, or with an increase of mole fraction

of C6P. This is due to the larger maximum adsorption of C2,6P at the

interface(3.54x107'® mol/cm?).
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(v) L77-C8P Mixtures: Figure B-5 shows plots of y.a vs. log C of L77,

C8P and their mixed solutions at different mole fractions of L77. The results of
adsorption at the air/aqueous solution interface are listed in Table A-6. From
the results, it can be seen that the total maximum adsorption of the mixtures
increases with decrease of a7, or with increase of mole fraction of C8P. This is

due to the larger maximum adsorption of C8P at the interface(4.34x107'°

molicm?).

(vi) L77-C10P Mixtures: Figure B-6 shows plots of y.a vs. log C of
L77, C10P and their mixed soiutions at different mole fractions of L77. The
results of adsorption at the air/aqueous solution interface are listed in Table
A-7. From the results, it can be seen that the total maximum adsorption of the
mixtures increases with a decrease of a 77, or with an increase of mole fraction

of C10P. This is due to the larger maximum adsorption of C10P at the

interface(4.45x10~'° mol/em?).

Summary: Plots of the total adsorptions of the mixtures at the air/aqueous
solution interface are shown in Figure A-2. From the plots, it can be seen that,
for the mixtures of the N-alkyl-pyrrolidinones and SILWET L77, the total
surfactant adsorption at the air/aqueous solution interface increases with a

decrease in the mole fraction of L77, but there is no linear relationship between
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them. The increase in total surfactant adsorption of the mixture with an increase
in the mole fraction of the N-alkyl-pyrrolidinones reflects the larger maximum
adsorption value of the pyrrolidinone than of the L77. The concave shapes of
the plots, however, indicate the total adsorption of the mixture is less than that

expected from proportionate replacement of L77 by N-alkyi-pyrrolidinones.
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Figure A-1. Surface Tension of L77 and Pyrrolidinones(CnP)

at Air/Aqueous Solution Interface

(Phosphate Buffer Solution, pH=7.00, 25 °C)
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Table A-1. Interfacial Properties of L77 and
the Individual N-Alkyl Pyrrolidinones
at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

Compounds (;;?I::’) Amin (A?) PC20 ("(ﬁ:‘;’“
L-77 2.52x107'¢ 66.0 5.95 -51.9
C4P 2.60x10°"° 63.9 1.05 -23.7
CHP 3.05x10°'° 54.4 1.85 -27.1
C6P 3.71x107% 44.8 2.35 -28.8
C2.6P 3.54x10°"° 46.9 3.05 -33.0
C8P 4.34x10°'0 38.3 3.25 -33.1
C10P 4.45x107"° 37.3 4.25 -38.7
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Table A-2. Adsorption Resalts of the Mixtures of L77 and C4P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

89

Qury C4P _dya [amax ALamin
(Ini.) (wt.%) dlogC (molicm?) (A%
1.000 0.0 -14.4 2.52x10°'° 65.9
0.805 4.7 -14.4 2.53x10°"° 65.6
0.611 11.4 -14.7 2.57x10"° 64.6
0.475 18.2 -15.0 2.62x10™"° 63.4
0.313 30.7 -15.2 2.66x10'° 62.4
0.209 43.3 -15.3 2.68x10™" 62.0
0.110 62.0 -15.2 2.66x10"° 62.4
0.029 87.1 -15.0 2.62x10°"° 63.4
0.000 100.0 -14.8 2.60x10°'° 63.9
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Table A-3.

Adsorption Results of the Mixtures of L77 and CHP

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

QL CHP _dyia Tiamax AL min
(Ini.) (Wt.%) dlogC (mol/cm?’) (A%
1.000 0.0 -14.4 2.52x10"° 65.9
0.838 4.4 -14.8 2.59x10°"° 64.1
0.694 9.5 -14.9 2.61x10"° 63.6
0.581 14.7 -15.2 2.66x10°'° 62.4
0.407 25.8 -15.7 2.75x10°° 60.4
0.253 41.3 -16.1 2.82x10°"° 58.9
0.115 64.7 -15.5 2.72x10"'° 61.0
0.058 79.5 -16.7 2.92x107"° 56.9
0.000 100.0 -17.4 3.05x10™'° 54.4
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Table A-4. Adsorption Results of the Mixtures of L77 and C6P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

91

Ly ceP _dyia FLAmax Aiamin
(tni.) (wt.%) dlogC (moliecm?) (A2?)
1.000 0.0 -14.4 2.52x10°'° 65.9
0.868 4.5 -14.8 2.60x10°'° 63.9
0.735 8.0 -15.1 2.65x10°"° 62.7
0.574 15.2 -15.6 2.74x10'° 60.6
0.417 25.2 -15.8 2.77x10°7° 59.9
0.243 429 -16.7 2.93x10"° 56.7
0.152 57.4 -18.6 3.25x10"° 51.1
0.028 89.3 -20.2 3.54x10'° 46.9
0.000 100.0 -21.2 3.71x10'° 44.8
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Table A-5. Adsorption Results of the Mixtures of L77 and C2,6P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

oL C2,6P [ amax ALa min
(Ini.) (wt.%) dlogC (molicm?) (A?)
1.000 0.0 -14.4 2.52x10°'° 65.9
0.825 5.6 -15.1 2.64x10"° 62.9
0.651 13.1 -15.4 2.69x10°"° 61.7
0.501 21.9 -16.3 2.85x10"° 58.3
0.381 31.4 -16.8 2.94x10"° 56.5
0.220 49.9 -18.4 3.22x10"° 51.6
0.096 72.6 -19.1 3.34x10"° 49.7
0.025 91.6 -19.7 3.45x10"° 48.1
0.000 100.0 -20.2 3.54x10°"° 46.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-6. Adsorption Results of the Mixtures of L77 and C8P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

w77 cspP _dyia Ciamax Apa min
(Ini.) (Wt.%) diogC (mol/icm?) (A%
1.000 0.0 -14.4 2.52x10°"° 65.9
0.906 28 -15.0 2.63x10'° 63.1
0.791 6.9 -15.1 2.65x107"° 62.7
0.660 12.7 -15.4 2.70x10°'° 61.5
0.535 19.7 -15.6 2.74x10°'° 60.6
0.375 31.9 -16.3 2.85x10°'° 58.3
0.222 49.7 -18.6 3.26x10"° 50.9
0.085 75.2 -22.1 3.87x10°"° 42.9
0.000 100.0 -24.8 4.34x10°"° 38.3
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Table A-7. Adsorption Results of the Mixtures of L77 and C10P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

aLry Cc10P _ya A max AL min
(Ini.) (wt.%) dlogC (mol/cm?) (A?)
1.000 0.0 -14.4 2.52x10°'° 65.9
0.867 4.7 -15.1 2.64x10'° 62.9
0.707 11.8 -15.8 2.77x10™"° 59.9
0.575 19.2 -16.8 2.95x10°"° 56.3
0.435 29.5 -18.5 3.24x10°'° 51.2
0.307 42.0 -20.4 3.58x10'° 46.4
0.186 58.4 -21.8 3.82x10° 43.5
0.077 79.4 239 4.19x107'° 39.6
0.000 100.0 -25.4 4.45x10° 37.3
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Figure A-2. Total Adsorption |\ max versus Oty 77 of L77, CnP,

and Their Mixtures at the Air/Aqueous Solution Interface

(Phosphate Buffer Solution, pH=7.00, 25 °C)
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4.2 Adsorption at the Liquid/Solid Interface (I's.)
4.2.1 Adsorption of the Individual Surfactants

Unlike measurements of adsorption at the air/aqueous solution interface,
which are calculated indirectly from surface tension data, adsorption of
surfactants and their mixtures at the solid/aqueous solution interface was
determined directly, as described in Section 3.3.4. Figure A-3 shows the
adsorption isotherms of L77, C4P, CHP, C6P, C2,6P C8P and C10P on the
surface of powdered polyethylene. All measurements were made on surfactant
solutions in phosphate buffer at pH = 7.00 and were taken to sufficiently high
concentration to ensure the formation of a monolayer at the solid/aqueous
solution interface. All the adsorption isotherms with the exception of the C10P
isotherms show Langmuir-type adsorption. The adsorption on the powdered
polyethylene surface increases in the order: C4P < CHP < C6P < C2,6P < C8P
< L77 < C10P. According to equation (45), Ceq/T's. versus Ceq for L77, C4P,
CHP, C6P, C2,6P C8P and C10P are plotted and shown in Figure A—4. The
plots are linear for all the compounds except C10P. Table A-8 lists the
adsorption free energies, calculated by using equation (51), surface
concentrations of surfactant at monolayer adsorption, and correlation

coefficients of the plot of Ceq/I'sL versus Ceq for L77 and the individual N-Alkyl
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pyrrolidinones. From Table A-8, the absolute value of the negative adsorption
free energy of the investigated surfactants decreases in the order: L77 > C8P ~
C6P > CHP ~ C2,6P > C4P > C10P. L77 has the most negative adsorption free
energy at the solid/aqueous solution interface. This is probably due to the
methyl groups its hydrophobic group. With the exception of C10P and C2,6P,
this order for the pyrrolidinones is the same as that at the air/aqueous solution
interface; the expected decrease, for the pyrrolidinones, with decrease in the
alkyl chain length. Since C10P appears not to show true Langmuir-type
adsorption, as shown by its poor cofrelation coefficient (R?) of 0.802, for linearity
of equation (45), the value of —31.8 kJ/mol, calculated from equation (51), is
probably not correct. The reason for the relatively poorer adsorption of C2,6P at
the solid/liquid interface than at the air/aqueous solution interface is not known,
but may be related to its branched-chain structure. it is noteworthy that,
although the adsorption tendency of C10P on powdered polyethylene may
possibly be low, it has the highest adsorption effectiveness on polyethylene

powder, showing the largest adsorption amount in Figure A-3.

4.2.2 Adsorption of Surfactant Mixtures at the Solid/Aqueous

Solution Interface

As described in Chapter 3, the adsorption amounts of L77 and the

pyrrolidinones(CnP) from their mixed solutions onto the polyethylene/aqueous
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solution interfface were measured by use of two phase titration and UV
spectroscopy, respectively. in order to find the effect of the addition of a
pyrrolidinone on the adsorption of L77 at the interface, the adsorptions of L77
and all N-alkyl-pyrrolidinones in their mixtures with different initial mole
fractions of L77 were compared with their adsorption by themselves at the

same equilibrium concentration.

Experimental data are listed in Table B-50 to Table B-91, including the
fixed initial mole fraction of L77(a 77.in ), initial total concentration(C, «otar), initial

concentration of L77(C.iL77), initial concentration of CnP(Cin.cap), weight of the
polyethylene powder used (g), adsorption amount of L77(Ads. L77), adsorption
amount of CnP(Ads.CnP), total adsorption (Ads.Total) of L77 plus CnP,
equilibrium concentration of L77(Ceq.77), equilibrium concentration of
CnP(Ceqcnp), total equilibrium concentration(Ceqiaa) ©Of L77 plus CnP, mole
fraction of L77 in the bulk solution phase at adsorption equilibrium(at 77eq), and
mole fraction of L77 in the adsorbed layer at adsorption equilibrium(X 77.eq). In
addition, the related adsorption isotherms are shown in Figure B-13 to Figure
B-54. In these figures, all adsorption isotherms of individual L77 and individual
CnP are the same, used for comparison of the adsorption of L77 and CnP from

their mixed solutions. All solutions were made below or around the C.M.C. for

L77and below their solubilities for N-alkyi-pyrrolidinones.
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(i) L77-C4P Mixtures: The experimental data are listed in Table B-50 to

Table B-56. The adsorption isotherms are shown in Figure B-13 to Figure

B-19.

in Figures B-13 and B-14, it can be seen that for the mixtures, all with
initial mole fractions, o 77.m 0.034 and 0.137, the adsorption amount of L77 is

less than that of L77 individual at the same equilibrium concentration, the
adsorption amount of C4P is almost the same as C4P individual at the same
equilibrium concentration, the total adsorption of L77 and C4P in the mixtures is
lower than the adsorption of L77 at the same equilibrium concentration. This is,
because at these very small fixed initial mole fractions of L77 in the mixtures,
the mixtures contain mainly C4P. Therefore, the adsorption of C4P from the
mixtures is nearly the same as from pure C4P solutions. On the other hand, the
number of moles of L77 in the mixture solutions is too small to reach the

adsorption amount from L77 solution. Furthermore, there is no synergism in the
adsorption from these mixtures with these fixed initial 77 values, as indicated
by the fact that the total mixed adsorption of L77 plus C4P is less than an L77
solution or C4P solution. From the corresponding Tables B-50 and B-51, it

can be seen that the equilibrium mole fraction of L77 in the bulk solution phase

changes with the equilibrium concentration. At low equilibrium concentrations,

the values of Q77 iS Much less that of o 77.ni, meaning that L77 and C4P
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were not adsorbed equally or proportionally onto the polyethylene/aqueous
solution interface. L77 molecules were adsorbed at the interface much more
than C4P. This can be explained by the much higher adsorption efficiency of

L77 at solid/aqueous solution interface as discussed in the previous part. The
equilibrium mole fraction of L77(077eq) increases with an increase in the

equilibrium concentration, becoming close to its initial value, but it is always
smaller than its initial value. This is because there are always more L77
molecules adsorbed at the interface. However, the difference becomes smaller
and smaller. This is because at the high equilibrium concentration, the
adsorption amount is not large enough to change the initial concentration
greatly. Consequently, it can not change the initial fixed mole fraction greatly.
From the tables, it can also be seen that the mole fraction of L77 in the
adsorbed layer is aimost a constant at all equilibrium concentrations and much
larger than that in the builk solution phase, particularly at low equilibrium
concentrations. This again can be explained as a result of the high adsorption

efficiency of L77 at the solid/aqueous solution interface.

In Figures B-15 and B-16, it can be seen that when the mixed solutions
of L77 and C4P were made at initial mole fractions of L77 of 0.243 and 0.353,
adsorption of L77 and C4P from their mixture solution is larger than that from
their individuali solutions. That means if L77 and C4P are mixed in mole ratios of

1:3 or 1:2, both adsorptions at the polyethylene/aqueous solution interface of
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L77 and C4P from their mixed solutions can be enhanced by each other. There
is a synergistic effect on their adsorption. This is, the total adsorption is

enhanced by the addition of C4P to the mixtures.

Figure B-17 shows the adsorption isotherms of L77 and C4P from their
mixed solution onto the polyethylene with oy 77,.=0.503. It can be seen that

when L77 and C4P are mixed in 1:1 mole ratio, only the adsorption of L77 can
be enhanced, however, the adsorption of C4P is almost the same as from its

individual solution.

Figure B-18 shows the adsorption isotherms of L77 and C4P from their
mixed solution onto the polyethylene with o 77,,,=0.634. It can be seen that

when L77 and C4P are mixed in about 2:1 mole ratio, the adsorption of L77 can
be enhanced slightly. However, the adsorption of C4P is less than that from its
individual solution. The reason might be that most of the adsorption sites on
the polyethylene surface are occupied by L77 molecules, which results in a

decrease in adsorption of C4P molecules at the polyethylene surface.

Figure B-19 shows the adsorption isotherms of L77 and C4P from their
mixture solution with o 77, =0.819 onto the polyethylene. It can be seen that

when L77 and C4P are mixed in about 4:1 mole ratio, the adsorption of L77

from the mixture solution is nearly the same as from its individual solution, the
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adsorption of C4P is much less than that from its individual solution, and
approaches 0. Again, the reason might be that the mixed solution contains so
much L77, a surfactant with much higher adsorption efficiency on polyethylene,
that the behavior of this solution is very close to that of its individual solution.

The adsorption sites on the solid surface are aimost completely occupied by

L77 molecules.

The adsorption results of the mixtures of L77 and C4P at various fixed

initial L77 mole fractions are listed in Table A-9.

(ii) L77-CHP Mixtures: The experimental data are listed in Table B-57 to

Table B-63. The adsorption isotherms are shown in Figures B-20 to B-26.

in Figure B-20, it can be seen that for the mixtures with fixed initial ot 77 n

=0.067, the adsorption amount of L77 is less than that of individual L77 at the
same equilibrium concentration. The adsorption amount of CHP at very low
concentration is almost the same as CHP, but it becomes lower at higher
concentration. It reaches saturation at about 2x10™* M. The saturated
adsorption is about 1x107'® mol/cm?. The total adsorption of L77 and CHP in the
mixtures is lower than the adsorption of L77 at the same equilibrium
concentration, but it becomes larger at higher total concentration. An

explanation is that, although this mixed solution contains only very little L77, its
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tendency to adsorb at the solid interface is greater than that of CHP, but its
concentration in the bulk solution is not high enough to establish a saturation
adsorption. For CHP, although its concentration is high enough in the bulk
solution, the adsorption sites on the polyethylene surface have been mainly
occupied by the more active L77 molecules. As a result, its adsorption is still

low and reaches saturation quickly. The related experimental data are listed in

Table B-57.

Figure B-21 shows the adsorption isotherms of mixture with fixed initial
a77in=0.136. The difference from Figure B-20 is that the adsorption of L77

from the mixture is a little higher than from its individual solution. The adsorption
of CHP still reaches saturation at low concentration, but the saturated

adsorption amount is smaller than the previous one. This is because the
amount of CHP is less, due to the higher fixed initial ol 77.qi in these solutions.

The related experimental data are listed in Table B-58.

Figures B-22 to B-24 show the adsorption isotherms of mixtures with
fixed initial a 7im =0.285, 0.438, 0.602, respectively. From the adsorption

isotherms, it can be seen that adsorption of L77 from the mixture is greater than
from its individual solution, but the saturated adsorption of CHP is smaller than
from its individual solution. However, the adsorption of CHP from the mixed

solution at low concentration is higher than from its individual solution for the
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mixtures of a 77.. =0.285 and 0.438. That means that when L77 and CHP were

mixed at those initial mole fractions, synergism between these two different
molecules occurred; both of their adsorptions onto the polyethylene surface
were enhanced at low concentration. The related experimental data are listed in

Tables B-59, B-60 and B-61.

Figure B-25 shows the adsorption isotherms of L77 and CHP onto
polyethylene from their mixture with a 77n.=0.712. It can be seen that when L77

and CHP were mixed in this molar ratio, only the adsorption of L77 was
enhanced; the adsorption of CHP was much less than from its individual
solution. However, the total adsorption of the two surfactants on the
polyethylene was still greater than that of L77. The related experimental data

are listed in Table B-62.

Figure B-26 shows the adsorption isotherms of L77 and CHP onto the
polyethylene from their mixture with o 77.in.=0.850. It can be seen that when L77

and CHP are mixed in this molar ratio, the adsorption of L77 from the mixture is
nearly the same as from its individual solution; the adsorption of CHP is almost
equal to 0. The reason might be that such a mixed solution contains so much
L77, a surfactant with much higher adsorption efficiency onto polyethylene, that
the behavior of this solution is very close to that of its individual solution. The

adsorption sites on the solid surface are almost occupied completely by L77
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molecules; therefore, the adsorption of CHP at the solid surface is almost 0.

The related experimental data are listed in Table B-63.

The adsorption results of the mixtures of L77 and CHP at various fixed

initial L77 mole fractions are listed in Table A-10.

(iii) L77-C6P Mixtures: The fixed initial mole fractions of L77 used for
mixed solutions of L77 and C6P(atL77.mi ) are 0.039, 0.172, 0.269, 0.441, 0.595,

0.751, 0.877. The experimental data are listed in Tables B-64 to B-70. The

adsorption isotherms are shown in Figures B-27 to B-33.

In Figure B-27, it can be seen that for the mixtures with fixed initial
a77.0=0.039, the adsorption amount of L77 is less than that of L77 individual at

the same equilibrium concentration. The adsorption amount of C6P at low
concentration is almost the same as C6P individual, but it becomes lower at
higher concentration. It reaches saturation at about 5x10~° M, the saturated
adsorption is about 1.5x107'° mol/em?. The total adsorption of L77 and C6P in
the mixtures is lower than the adsorption of L77 individual at the same
equilibrium concentration, but it becomes larger at higher total concentration.
An explanation is that, although this mixed solution contains very little L77, its
adsorption tendency at the solid interface is greater than that of C6P, but its

concentration in the bulk solution is not high enough to establish a saturation
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adsorption. For C6P, although its concentration is high enough in the bulk
solution, the adsorption sites on the polyethylene surface have been mainly
occupied by the more active L77 molecules. As a result, its adsorption is still

low and reaches saturation quickly. The related experimental data are listed in

Table B-64.

Figure B-28 shows the adsorption isotherms of mixture with fixed initial
a7 m=0.172. The difference from Figure B-27 is that the adsorption of L77

from the mixture is a little higher than from its individual solution. The adsorption
of C6P still gets saturated at low concentration, but the saturated adsorption
amount is about 1.0x10°'® molicm? smaller than the previous one. This is

because the amount of CEP is less, due to the higher fixed initial a 77, in these

mixtures. The related experimental data are listed in Table B-65.

Figures B-29 to B-31 show the adsorption isotherms of mixtures with
fixed initial a7z =0.269, 0.441, 0.595, respectively. From the adsorption
isotherms, it can be seen that the adsorption effectiveness of L77 from the
mixed solutions is 3.4x107'° moliem?, 3.2x10'® mol/cm? and 3.0x107'° mol/cm?,
respectively, which is greater than from its individual solution, 2.7x107*°
mol/cm?. But they decrease with an increase of the fixed initial mole ratio of
L77. That means that when L77 and CE6P were mixed in the above mole ratios

of L77 to C6P, the mixtures showed synergism in the adsorption of L77 on the
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polyethylene, and the maximum synergism was obtained at a.77.n =0.269. The

saturated adsorptions of C6P from the mixed solutions are much smaller than
from its individual solution. There is no synergism found in the adsorption of
C6P on the polyethylene surface. The related experimental data are listed in

Table B-66, Table B-67 and Table B-68.

Figure B-32 shows the adsorption isotherms of L77 and C6P onto
polyethylene from their mixture solution with a77.n.=0.751. It can be seen that

when L77 and C6P were mixed at this mole ratio, only the adsorption of L77
was enhanced, the adsorption of C6P was much less than it from its individual
solution. However, the total adsorption of the two surfactants on the
polyethylene was still greater than that of L77. The related experimental data

are listed in Table B—69.

Figure B-33 shows the adsorption isotherms of L77 and C6P onto
polyethylene from their mixture with a77,,,.=0.877. It can be seen that when L77

and C6P are mixed in this mole ratio, the adsorption of L77 from the mixture
solution is nearly the same as it is from its individual solution; the adsorption of
C6P is aimost equal to 0. The reason is that such mixed solution contains so
much L77, a surfactant with much higher adsorption efficiency at polyethylene,
that the behavior of this solution is very close to that of its individual solution.

The adsorption sites on the solid surface are almost completely occupied by
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L77 molecules. Therefore, the adsorption of C6P at the solid surface is aimost

0. The related experimental data are listed in Table B-70.

The adsorption results of the mixtures of L77 and C6P at various fixed

initial L77 mole fractions are listed in Table A-11.

(iv) L77-C2,6P Mixtures: The fixed initial mole fractions of L77 used for
mixed solutions of L77 and C2,6P(077ini ) are 0.036, 0.115, 0.246, 0.415,

0.530, 0.672, 0.836. The experimental data are listed in Tables B-71 to B-77.

The adsorption isotherms are shown in Figures B-34 to 8-40.

Figure B-34 shows the adsorption isotherms of L77, C2,6P from their

mixed solutions and the total adsosption on powdered polyethylene. it can be
seen that for the mixtures with fixed initial o 77.,,=0.036, the adsorption amount

of L77 is less than that of L77 solution at the same equilibrium concentration.
The adsorption amount of C2,6P at very low concentration is almost the same
as C2,6P alone, but it becomes lower at higher concentration. its adsorption
reaches saturation at about 1.5x107* M, the saturated adsorption is about
1.35x10°"° mol/cm?. The total adsowption of L77 and C2,6P in the mixtures is
lower than the adsorption of L77 solution at the same equilibrium concentration,
but it becomes larger at higher total concentration. An explanation is that,

although this mixed solution containes very little L77, the adsorption tendency of
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L77 at the solid interface is greater than that of C2,6P, but its concentration in
the bulk solution is not high enough to establish a saturated adsorption. For
C2,6P, aithough its concentration is high enough in the bulk solution, the
adsorption sites on the polyethylene surface have been mainly occupied by the
more active L77 molecules. As a result, its adsorption is still low and reaches

saturation quickly. The related experimental data are listed in Table B-71.

Figure B-35 shows the adsorption isotherms of mixtures with fixed initial
a.77.=0.115. The adsorption of L77 from the mixture at very low concentration

is higher than from its individual solution, but the saturation adsorption is still
lower. The adsorption of C2,6P from the mixture at low concentration (<4x107°
M) is greater than from its individual solution, and reaches saturation at the
concentration(~4x107% M). The saturated adsorption is about 1.0x107'° molcm?,
which is smaller than from its individual solution. An explanation is that, the
adsorption tendency of L77 onto the solid is greater than that of C2,6P, L77
molecules occupy most of adsorption sites on the solid surface and establish an
adsorption equilibrium at the higher concentration. Therefore, both L77 and
C2,6P reaches their saturation adsorption at the higher concentration. The

related experimental data are listed in Table B-72.

Figure B-36 and Figure B-37 show the adsorption isotherms of L77 and

C2,6P on polyethylene powder from their mixtures with fixed initial o 77
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=0.246, 0.415, respectively. From the adsorption isotherms, it can be seen that
the adsorption of L77 from the mixed solutions is enhanced over whole range of
concentration measured. The maximum adsorption of L77 from these two
mixtures are 2.9x10°'° mollem?, 3.7x10"'° molicm?, respectively. They are
greater than from its individual solution, 2.7x107'® mol/cm?. These mixtures
show significant synergism in the adsorption of L77 on the polyethylene, and
the maximum synergism is obtained at o 77.n =0.415. The adsorption of C2,6P
from the mixture is enhanced at low concentrations, but its saturation
adsorption from the mixed solutions are much lower than from its individual

solution. The related experimental data are listed in Tables B-73 and B-74.

Figure B-38 and Figure B-39 show the adsorption isotherms of L77 and
C2,6P onto powdered polyethylene from their mixtures with o, 77.,.=0.530 and
0.672. From the figures, it can be seen that the adsorption of L77 from the
mixed solutions is enhanced remarkably over the whole range of concentrations
measured. The maximum adsorptions for these two mixtures are 3.7x107'°
mol/cm?, 3.4x107'° molicm?, respectively. They are greater than from its
individual solution, 2.7x107'° mol/lcm?. This means a significant synergism was
produced between the molecules of L77 and C2,6P. However, the saturated

adsorptions of C2,6P from these mixtures are only about 5.0x10™'" mol/cm? and

3.0x10""" mollem?, much lower than from its individual solution. The total
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adsorption is much greater than that of L77 from its individual solution. This is
due to the significant enhancement in the adsorption of L77 from the mixtures.

The related experimental data are listed in Table B-75 and Table B-76.

Figure B—40 shows the adsorption isotherms of L77 and C2.6P onto
polyethylene from their mixture with o 77.,,=0.836. From the figure, it can be

seen that when L77 and C2,6P are mixed in this mole ratio, the adsorption of
L77 from the mixture at low concentrations (<2x10°M) is nearly the same as
from its individual solution. The adsorption of L77 from the mixture increases
slightly with an increase in equilibrium concentration. The adsorption of C2,6P
is very small, or approaches 0. The total adsorption is almost the same as that
of L77 from the mixed solution. The reason is that such mixed solutions
contains so much L77 that the total adsorption is dominated by L77. The
adsorption sites on the solid surface were almost completely occupied by L77
molecules. Therefore, the adsorption of C2,6P on the solid surface is aimost 0.

The related experimental data are listed in Figure B-77.

The adsorption results of the mixtures of L77 and C2,6P at various fixed

initial L77 mole fractions are listed in Table A-12.

(v) L77-C8P Mixtures: The fixed initial mole fractions of L77 used for

mixtures of L77 and C8P(aw7.ni ) are 0.094, 0.244, 0.401, 0.551, 0.672, 0.799,
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0.908, respectively. The experimental data are listed in Tables B-78 to B-84.

The adsorption isotherms are shown in Figures B—41 to B-46.

Figure B—41 shows the adsorption isotherms of L77, C8P from their
mixture and the total adsorption on powdered polyethylene. From the figure, it

can be see that for the mixture with fixed initial o 77.,=0.094, the adsorption of

L77 is lower than from its individuad solution. The concentration of L77 in the
bulk solution is not high enough to esstablish a saturated adsorption because of
its very small mole fraction in the bublk solution. The adsorption of C8P from the
mixture at very low concentration is almost the same as that from its individual
solution. It reaches saturation at about 1.0x10™ M, the saturation adsorption of
C8P is about 1.55x107'° mol/cm?, mmuch smaller from its individual solution. An
explanation is that, although the concentration of C8P in bulk solution is high
enough, the adsorption sites on polyethylene surface have been mainly
occupied by L77 molecules. As a result, the adsorption of C8P is low. The total
adsorption of L77 plus C8P in the mixtures is lower than that of L77 individual at
low concentration, but it becomes larger due to the contribution of the

adsorption of C8P from the mixture. The related experimental data are listed in

Table B-78.

Figure B—42 shows the adsorption isotherms of mixture with fixed initial

o 77.ni=0.244. The adsorption of L77 from the mixture over the whole range of
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concentrations measured is higher than from its individual solution. The
adsorption of C8P from the mixture at low concentrations is almost the same as
from its individual solution, but the saturation adsorption is lower than from its
individual solution. An explanation is that, although this mixed solution contains
very little L77 and the adsorption tendency of L77 onto the solid interface is
greater than that of C8P, however, comparing to C8P, it is not great enough to
occupy completely the adsorption sites on the solid surface. Therefore, an
adsorption equilibrium between the two surfactants at the solid/aqueous
solution interface is established at an equilibrium concentration. This can be
seen in this figure or found in Table B-79. The related experimental data are

listed in Table B-79.

Figure B—43 shows the adsorption isotherms of L77 and C8P on
polyethylene powder from their mixture with fixed initial ot 77.ini =0.401. From the

adsorption isotherms, it can be seen that the adsorption of L77 from the mixed
solutions is enhanced remarkably over the whole range of concentration
measured. The maximum adsorption of L77 from mixture is about 3.6x107'°
mol/cm?, which is greatly greater than from its individual solution, 2.7x107"°
mol/em?, and still increases slightly with an increase in its equilibrium
concentration. This means that when L77 and C8P were mixed in this mole
ratio, the mixture shows a significant synergism in the adsorption of L77 on

powdered polyethylene. On the other hand, the adsorption of C8P from the
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mixture is not enhanced. The saturation adsorption of C8P from the mixed
solutions is only about 1.2x107'° mol/cm?, much lower than from its individual
solution. The adsorption of C8P from the mixtures does not increase with its
equilibrium concentration. The reason is that the adsorption of L77 is dominant
at the solid/liquid interface, and, what is more, it is greatly enhanced by C8P in
the mixture. Therefore, more adsorption sites on polyethylene surface are
occupied L77 molecules. As a result, the adsorption of C8P at the interface
reaches saturation quickly with low adsorption effectiveness. The related

experimental data are listed in Table B-80.

Figures B—44, B-45 and B-46 show the adsorption isotherms of L77 and
C8P onto powdered polyethylene from their mixture with o 77,0.=0.551, 0.672

and 0.799, respectively. From the figures, it can be seen that the adsorption of
L77 from the mixed solutions is aimost the same as from the individual solution,
but enhanced at higher concentrations. The adsorption of L77 from the mixture
at higher concentration increases slightly with its equilibrium concentration. The
maximum adsorption of L77 for these three mixtures are 3.3x107'° mol/cm?,
3.1x107"° mol/cm? and 2.9x107'° mollecm?, respectively. For C8P, its adsorption
from the mixture is much lower than from its individual solution. The maximum
adsorptions of C8P for these three mixtures are: 8.5x10™'' molicm?, 5.5x10™"
molicm? and 3.0x10™'" mol/cm?, respectively. This is because the equilibrium

concentration of C8P in the bulk solution decreases with the increase of mole
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ratio of L77. The total adsorption of the two surfactants on polyethylene is
greater than that of L77 from its individual solution. This is due the contribution
of the adsorption of C8P from the mixture solution. The related experimental

data are listed in Tables B-81, B-82 and B-83.

Figure B-47 shows the adsorption isotherms of L77 and C8P onto
powdered polyethylene from their mixture with o, 77n.=0.908. It can be seen

that when L77 and C8P are mixed in this mole ratio, the adsorption of L77 from
the mixed solution over whole range of concentration is nearly the same as
from its individual solution. The adsorption of C8P is very small, or approaches
to 0. The total adsorption of the two surfactants is almost the same as that of
L77 from the mixture. The reason is that this mixture contains so much L77 that
the total adsorption is dominated by L77. The adsorption sites on the solid
surface are almost completely occupied by L77 molecules. Therefore, the
adsorption of C8P at the solid surface is aimost 0. The related experimental

data are listed in Table B-84.

The adsorption results of the mixtures of L77 and C8P at various fixed

initiai L77 mole fractions are listed in Table A-13.

(vi) L77-C10P Mixtures: The fixed initial mole fractions of L77 used for

mixtures of L77 and C10P(a 77.n) are 0.064, 0.158, 0.271, 0.401, 0.554, 0.690,
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0.855, respectively. The experimental data are listed in Tables B-85 to B-91.

The adsorption isotherms are shown in Figures B—48 to B-54.

Figures B-48 and B-49 show the adsorption isotherms of L77, C10P
from their mixture with fixed initial o 77ini =0.064, 0.158 and the total adsorption

on powdered polyethylene. It is unexpected that the adsorption of L77 from the
mixed solution is much lower than that from L77 individual solution. The
adsorption of C10P at low concentration (<8.0x107° M) from the mixed solution
is less than that from its individual solution, but it increases very quickly with the
increase of equilibrium concentration and reaches an unusually high amount at
higher concentration. For this unusually high adsorption, the reason may be
that the concentration of C10P is very close to its solubility in the buffer solution,
which is 4.5x10™* mol/L, and there is a repulsive interaction between C10P and
L77 molecules in the bulk solution phase (to be discussed later in this thesis)
that results in a decrease in the solubility of C10P. Consequently, more
molecules of C10P move to the interface. The available maximum adsorption of

C10P from the mixed solution is about 2.75x10-° mol/cm? for the mixture with
Q77m =0.064, 2.00x10°° mol/cm? for the mixture with o7 =0.158, which

correspond to areas of 6.0 A> and 8.3 A? per molecule of C10P at the
polyethylene/aqueous solution interface. Based upon the area per molecule of
C10P at the air/aqueous solution interface of 37.3 A%(Table A-1), a multilayer of

C10P rather than a monolayer is formed at polyethylene/aqueous solution
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interface. The adsorption isotherms of C10P do not reach a plateau, indicating
that there is no saturation adsorption reached. The total adsorption of L77 and
C10P for the mixtures is almost the same as that of C10P from the mixtures.
This is because the concentration of L77 in the mixtures is very low. Therefore,
the total adsorption is dominated by the adsorption of C10P. The related

exp<rimental data are listed in Tables B-85 to B-86.

Figures B-50 and B-51 show the adsorption isotherms of L77, C10P from
their mixtures with fixed initial o, 77.m= 0.271 and 0.401and their total adsorption.

It can be seen that the adsorption of L77 from the mixed solutions over the
whole concentration range is lower than that from its individual solutions. The

saturation adsorptions of L77 are only 1.0x107'® mol/cm? and 1.2x107'° mol/cm?
for the two mixtures, respectively. The adsorption of C10P from the mixed
solutions at low concentration (<1.0x10~* M) is almost the same as from its
individual solution, but it increases quickly with an increase in its equilibrium

concentration. From the figures, the maximum adsorption of C10P for these two

mixtures is about 1.55x10° molcm? for the mixture with Qi 77.a =0.271,
8.50x107'° mol/cm? for the mixture with a77.ini =0.401, which decreases with an
increase of a.77.ni- This is because the equilibrium concentration of C10P

decreases with an increase in ay77;m. The total adsorption of the mixtures is

lower than that of C10P from its individual solution. This is because the
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adsorption of L77 from the mixtures is too low to make the total adsorption

higher. The related experimental data are listed in Tables B-87 to B-88.

Figures B-52 and B-53 show the adsorption isotherms of L77, C10P from
their mixtures with fixed initial o 77..n= 0.554, 0.690 and their total adsorption. It

can be seen that the adsorption of L77 from the mixed solutions over the whole
concentration range is smaller than from its individual solution. But the
saturation adsorptions increase remarkably to 2.0x107'° mol/icm? and 2.2x10°"°
mol/cm? for the two mixtures, respectively. They are ciose to the saturation
adsorption of L77 from its individual solution, and keep increasing with its
equilibrium concentration. This is because the concentration of L77 in these two
mixed solutions is high enough to make its adsorption at the solid/aqueous
solution interface compatible with the adsorption of C10P at the same interface.
The adsorption of C10P from the mixed solution at low concentration (<2.0x10°°
M) is higher, but becomes lower at higher concentrations. This is due to the
more competitive adsorption of L77 at higher concentrations. The total
adsorption of L77 and C10P over the whole concentration range is between the
adsorption of L77 and C10P from their individual solutions. The related

experimental data are listed in Tables B-89 to B-90.

Figure B-54 shows the adsorption isotherms of L77 and C10P from their

mixed solutions with o 77,.=0.855 and the total adsorption onto powdered
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polyethylene. The adsorption of L77 from the mixed solution is still slightly lower
than from its individual solution, but very close to the saturation adsorption from
its individual solution at high concentration. This is because this mixed solution
contains mainly L77 and there is no synergism found in this system. lIts
adsorption behavior, therefore, is very similar to that of the L77 solution itself.
The concentration of L77 in this mixed solution is high enough to establish an
adsorption equilibrium at higher concentration. On the other hand, the mole
fraction of C10P in this mixed solution is too small to make its concentration
high enough to establish an adsorption plateau. In the figure, the maximum
adsorption of C10P in this mixture is only about 9.5x10"'' mol/cm?, decreases
greatly with the initial mole fraction of L77. Same as before, the total adsorption
of L77 plus C10P over the whole concentration range is between the
adsorption of L77 and C10P from their individual solutions. The related

experimental data are listed in Table B-91.

The adsorption results of the mixtures of L77 and C10P at various fixed

initial L77 mole fractions are listed in Table A-14.

4.2.3 Enhancement of Adsorption from L77-CnP Surfactant Mixtures

at the Aqueous Solution/Solid Interface
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In order to describe the enhancement of L77 surfactant adsorption

shown in the previous discussions, the maximum adsorption of L77, I'g" 77 max

from the mixed solutions with C4P, CHP, C6P, C2,6P, C8P and C10P, is
plotted as function of equilibrium mole fraction of L77 in Figure A-5. From the
figure, it appears the adsorption of L77 from the mixed solution onto the
polyethylene powder surface is enhanced when its mole fraction exceeds 0.15,
except for C10P. The extent (effectiveness) of enhancement caused by the
pyrrolidinones decreases in the order: C2,6P > C8P > C6P > CHP > C4P.
There is no enhancement found over the whole mole fraction range for C10P.
Figure A-5 aiso indicates that the maximum enhancement of L77 occurs at
different mole fractions of L77 for the different pyrrolidinones: from that figure,
for C2,6P, it occurs at a 77 = 0.45; for C8P, at 0.35; for C6P, at 0.25; for CHP, at
0.35; for C4P, at 0.15. The larger the mole fraction of L77 in the mixture, the
smaller the mole fraction of pyrrolidinone, and therefore, the higher its
enhancement efficiency. Consequently, the efficiency of the pyrrolidinones in
enhancing the adsorption of L77 on the polyethylene powder decreases in the
order: C2,6P > C8P >CHP > C6P > C4P. From these results, it appears that, of
the pyrrolidinones investigated, C2,6P, in both effectiveness and efficiency, is
the best additive to enhance the adsorption of L77 on this hydrophobic low
energy surface. Presumably, a branched alkyl chain is better than a linear alkyl
chain for the enhancement. Among the prrolidinones with straight alkyl chains,

the order of both efficiency and effectiveness increases with an increase in alkyl
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chain length. However, again, C10P is fundamentally different from all other
pyrrolidinones with straight alkyl chains in showing no enhancement of the
adsorption of L77. The reason for such a large difference caused by the

additional two carbon atoms in the alkyl chain is currently unknown.

The total surfactant adsorption at the polyethylene/aqueous solution
interface from mixtures of L77 and pyrrolidniones with different L77 mole
fractions is shown in Figure A-6. From this figure, it is seen that the total
surfactant adsorption from the mixture is larger than the total ideal adsorption,
i.e., the sum of the individual adsorptions muitiplied by their mole fractions in
the solution phase: I'{™(ideal)=a,, ‘T +(1-a,,) TS . f the maximum
enhancement by the pyrrolidinones of the total surfactant adsorption is
compared with their ideal adsorption value, it can be seen that the
enhancement of the pyrrolidinones decreases in the order: C2,6P > C8P > C4P
> CHP > C6P. For C10P, where there is no enhancement of adsorption from
the mixed solution, the total adsorption always decreases with the increase in

L77 mole fraction. The maximum enhancement occurs at around «,,, =0.4 for

C2,6P and C8P, at around a,,, =0.25 for C4P, CHP and C6P.
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Figure A-3. Adsorption Isotherms of L77 and the Individual
Pyrrolidinones(CnP) onto Powdered Polyethylene

(In Phosphate Buffer Solution, pH=7.00)
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Figure A-4. Plots of (Ceq/T'sp) versus Ceq for L77 and
the Individual Pyrrolidinones(CnP)
onto Powdered Polyethylene

(in Phosphate Buffer Solution, pH=7.00)
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Figure A-5. Maximum Adsorption of L77, ['sii77maxs VS. Qlis7.eq

for L77/CnP Mixtures at the Solid/Liquid Interface

(In Phosphate Buffer Solution, pH=7.00)
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Figure A-6. Total Adsorption, ['s;_toul VS. QL77.eq fOr Mixtures

of L77 amd CnP at the Solid/Liquid Interface

(In Phosphate Buffer Solution, pH=7.00)
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Table A-8. Adsorption Free Energies and Correlation Coefficients,
[st.max, and Agis for L77 and Pyrrolidinones(CnP)
on Powdered Polyethylene

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

AG°sq (Ceq/TsL) ~ Coq Cst, max (A2

Compound (kJ/mol) | Correlation (R?) (molicm?) Amin (A%)
L77 -40.9 1.000 2.72x10°"° 61.0
CaP -33.2 0.998 2.70x10°"° 61.5
CHP -34.0 0.994 3.16x10°"° 52.5
Ccé6P -38.4 1.000 3.61x10°"° 46.0
C2.6P -33.9 0.994 3.26x10°"° 50.9
C8P -38.7 0.998 4.25x107"° 39.1
C10P -31.8 0.802 a N/A

a Non-Langmuir-type isotherm.
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Table A-9. Adsorpticn Results of the Mixtures of L77 and C4P at

the Powdered Pelyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

127

Q77 CsLurm Csicer Csi 1otal Xirr
(Eq.) (molicm?) (mol/cm?) (molcm?) | (Ads.layer)
0.029 2.18x10"° | 8.80x10"' | 3.06x107° 0.712
0.110 | 2.51x10" | 8.40x10"" | 3.35x107' 0.751
0209 | 3.01x10™ | 9.10x10"" | 3.92x10™" 0.768
0.313 | 2.88x10" | 8.00x10"' | 3.68x10" 0.781
0.473 2.87x10"° | 3.90x10"" | 3.26x10° 0.879
0.611 2.84x10"° | 1.40x10"" | 2.98x10™"° 0.953
0.805 | 2.74x107 _ 8.00x10" | 282x10™ 0.972
1.000 2.72x10°'° 0.000 2.72x10°"° 1.000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-10. Adsorption Results of the Mixtures of L77 and CHP at
the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

128

A
0.058 | 2.08x10"° | 1.15x10™ | 3.23x10™" 0.645
0115 | 2.72x10"° | 9.50x10"" | 3.67x10"° 0.741
0.253 | 3.14x10"° [ 8.90x10"" | 4.13x10™" 0.780
0.407 3.24x10" | 5.10x10"" | 3.75x107 0.864
0.581 2.99x10'° | 2.50x10'" | 3.24x10"° 0.923
0.694 | 2.85x10'° | 1.00x10"' | 2.95x10™ 0.966
0.838 | 2.78x10" | 500x10'2 | 2.83x10"° 0.982
1.000 2.72x10'° 0.000 2.72x10°"° 1.000
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TableA-11.

Adsorption Results of the Mixtures of L77 and C6P at
the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Sotution, pH =7.00, 25 °C)

129

oLry Cseur Fsicer [CsL.Tott Xerr
(Eq.) (mol/em?) (moliem?) (molicm?) | (Ads.layer)
0.028 2.10x10"° | 1.65x10™ | 3.75x10"° 0.561
0.152 2.82x10"% | 1.13x10"" | 3.95x10°'° 0.713
0.243 3.37x10"° | 8.80x10"" | 4.25x10™"° 0.793
0.417 3.18x10"° | 540x10"" | 3.72x10™° 0.854
0.574 2.96x10'° | 2.70x10™"' 3.23x10°"° 0.916
0.735 2.85x10° | 9.00x10'? | 2.94x10°'° 0.970
0.868 2.80x10"° | 5.00x10'? | 2.85x10'° 0.982
1.000 2.72x10°'° 0.000 2.72x10"° 1.000
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TableA-12. Adsorption Results of the Mixtures of L77 and C2,6P at
the Powdered Polyethylene/Aqueous Solution Interface
(In Phosphate Buffer Solution, pH =7.00, 25 °C)

&'ﬁ’.’) (;:b':a’) (ul;scl:"lf:e:;) (;:LI'IZ:") (Ad:.i:,yer)
0.025 1.96x10"° | 1.41x10"° | 3.37x10"° 0.582
0.097 2.38x10™ | 1.20x10" | 3.58x10°"° 0.665
0.220 2.87x10"° | 1.07x10" | 3.94x10™'° 0.729
0.381 3.69x10™ | 1.03x10™ | 4.72x10"° 0.782
0.503 3.65x10"° | 6.20x10"" | 4.27x10"° 0.856
0.650 3.42x10™ | 3.30x10"" | 3.75x10'° 0.912
0.823 3.07x10"° | 1.10x10"" | 3.18x10" 0.966
1.000 2.72x10""° 0.000 2.72x10"° 1.000
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TableA-13. Adsorption Results of the Mixtures of L77 and C8P at

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

131

oLrr FsLirm [sicer Csi.Total Xurr
(Eq.) (mol/em?) (molcm?) (mol/em?) | (Ads.layer)
0.085 2.28x10"° | 2.11x10" | 4.39x10"° 0.520
0.222 2.98x10™ | 1.68x10" | 4.66x107"° 0.640
0.375 3.54x10"° | 1.34x10" | 4.88x10"° 0.725
0.535 3.32x10" | 9.10x10"" | 4.23x10"° 0.785
0.660 3.09x10" | 5.60x10" | 3.65x10™"° 0.847
0.791 2.96x10™ | 3.10x10"" | 3.27x10°"° 0.905
0.906 2.79x10"° | 2.00x10"" | 2.99x10°"° 0.933
1.000 2.72x10°"° 0.000 2.72x107"° 1.000
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TableA-14.
the Powdered Polyethylene/Aqueous Solution Interface

Adsorption Results of the Mixtures of L77 and C10P at

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

132

oLy CsLum CsLciop CsL.Tow Xorr
(Eq.) (molcm?) (molem?) (molem?) | (Ads.layer)
0.077 6.20x10°"" 2.60x10° 2.66x10° 0.023
0.185 8.40x10™"' 1.98x10°° 2.06x10° 0.041
0.307 1.01x10™"° 1.50x10? 1.60x10°° 0.063
0.434 1.22x10"° | 8.38x10"° | 9.60x10° 0.127
0.572 2.04x10" | 361x10" | 5.65x10"° 0.361
0.707 2.48x10" | 2.07x10"" | 4.55x10"° 0.546
0.865 2.55x10"° | 9.30x10™"" 3.48x10™'° 0.733
1.000 2.72x10'° 0.000 2.72x10°1° 1.000
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4.3 Adsorption at the Air/Solid Iinterface (I'sa)

As discussed above, although adsorption of surfactant at the air/liquid
and solid/liquid interfaces is very important in the process of spreading, the
adsorption of surfactant at the solid/air interface may also play an important role
in the spreading, since adsorption at the solid/air interface in such manner as to
decrease interfacial tension at the air/solid interface will decrease the value of
the spreading coefficient and consequently will be unfavorable to the tendency
to spread. it has not been studied much, due to the difficulty in determining the
adsorption at the solid/air interface. To date, only one publication dealing with
the adsorption of surfactant at the solid/air interface has been found. Tiberg, F.
and Cazabat, A. M.®¥ reported that spreading of nonionic siloxane poly-
(ethylene oxide) surfactants at the solid-air interface occurs through an
autophobic thin precursor film growing at the foot of the nonwetting main drop.
in the current study, the adsorption of L77, N-alkyl-pyrrolidinones(CnP) and

their mixtures onto the polyethylene/air interface, obtained through use of

Equation(37): gy =g —%—XW. and the assumption of the

applicability of adsorption on the powdered polyethylene to adsorption on a
planar film of the same polyethylene, is described.
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Contact angles of L77, the pyrrolidinones, and their mixed solutions on

the planar polyethylene surface were measured. The adhesion tension,
YuacosO was plotted versus logC to get the slope of the plot. The plots for L77,
CnPs and their mixtures are shown in Figures B-7 to B-12. The related
experimental data are listed in Tables B-1 to B-49. The values of Isa,
calculated by use of equation (37), together with the siope of y.acos6 vs. logC

plots and the valuesof ['si(expt.) and s (SA=0) for these the mixtures of L77

and CnPs, are listed in Tables A-15 to A-20.

(i) L77-C4P Mixtures: Figure B-7 shows plots of y.acos0 vs. logC of

L77, C4P and their mixed solutions with different mole fractions of L77. The
resuits of adsorption at the air/polyethylene interface are listed in Table A-15.
The results show that the adsorption of L77 and the mixtures at the
air/polyethylene interface is smaller by one order of magnitude than that at the
air/aqueous solution and solid/aqueous solution interfaces. For individual C4P,
its adsorption at the air/solid interface is smaller by two orders of magnitude.

This result is consistent with the concept that, on solids with low surface
energies such as Parafilm, paraffin, Teflon and polyethylene, dysa/dinC=0 for

surfactants with hydrocarbon chains (hydrophobic groups that can not lower

the surface free energy of the solid ), and from Equation(37), since [sa=0,
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1 d(y.s cos6) L .
[ = . But dysa/dinC+0 for surfactants with dimethyisiloxane
St THRT  dInC Ysa/ Y

or perfluoralkyl hydrophobic groups that can lower the surface free energy of

polyethylene. Therefore, only the values of (I';, -I's,) can be calculated from

—= for those systems.
nRT dinC

s (SA=0), adsorptions of L77, C4P and their mixtures with various o 77

at the polyethylene substrate/aqueous solution interface, calculated using

1 d(y cosO) . .
[ = , based upon the assumption that 'sa=0, are also listed
S =TRT_ dinC P P sA

in Table A-15. In the table, only for C4P (. 77=0.000) solution are I's (SA=0)
values and the experimental results, ['si[expt.], obtained from the adsorption
isotherms, very close to each other. The derivation is only 1.5% for C4P, which
is less than the experimental error (see Appendix | for analysis of experimental
errors). Therefore, the assumption that 'sa=0 is valid for C4P. On the other
hand, there is a significant difference between ['g [expt.] and s [SA=0] for L77
and the L77-C4P mixtures, indicating that the assumption of 'sa=0 is not valid

for L77 and L77-C4P mixtures at the air/polyethylene interface.

(ii) L77-CHP Mixtures: Figure B-8 shows plots of y Acos0 vs. logC of

L77, CHP and their mixed solutions with different mole fractions of L77. The
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results of adsorption at the air/polyethylene interface are listed in Table A-16.
The adsorption of L77 and the mixtures at the air/solid interface is smaller by
one order of magnitude than that at the air/aqueous solution and solid/aqueous
solution interfaces. For CHP, its adsorption at the air/solid interface is 0. These

results are consistent with the considerations discussed before.

Resuits of I's [SA=0] for L77, CHP and their mixtures with various o 77 at
the polyethylene substrate/aqueous solution interface are also listed in Table
A-16. In the table, only for CHP (a.77=0.000) solution are ['s.[SA=0] resuits and
the experimental results, s [expt.], obtained from the adsorption isotherms,
exactly the same. Therefore, the assumption that [sa=0 is aiso valid for CHP.
On the other hand, there is a significant difference between s [expt.] and

s {SA=0] for L77 and the mixtures of L77 and CHP.

(iii) L77-C6P Mixtures: Figure B-9 shows plots of y,.cos0 vs. logC of

L77, C6P and their mixed solutions with different mole fractions of L77. The
results of adsorption at the air/polyethylene interface are listed in Table A-17.
The results show that the adsorption of L77 and the mixtures at the air/solid
interface is smaller by one order of magnitude than that at the air/aqueous

solution and solid/aqueous solution interfaces. For C6P, its adsorption at the
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air/solid interface is smaller by two orders of magnitude. These results are

consistent with the considerations discussed previously.

Results of 's [SA=0] for L77, C6P and their mixtures with various a7 at
the polyethylene substrate/aqueous solution interface are also listed in Table
A-17. In the table, only for C6P (a.77=0.000) solution are I'si[SA=0] results and
the experimental results, I'si[expt.], obtained from the adsormption isotherms,
almost the same. Therefore, the assumption that ['sa=0 is also valid for C6P.
On the other hand, there is a significant difference between [ [expt.] and

s [SA=0] for L77 and the mixtures of L77 and C6P.

(iv) L77-C2,6P Mixtures: Figure B-10 shows plots of y..cos6 vs.

logC of L77, C2,6P and their mixed solutions with different mole fractions of
L77. The results of adsorption at the air/polyethylene interface are listed in
Table A-18. From the results, it can be found that the adsorption of L77 and the
mixtures at the air/solid interface is smalier by one order of magnitude than that
at the air/aqueous solution and solid/aqueous solution interfaces. For C2,6P
and the mixture with a 77=0.025, their adsorptions at the air/solid interface are

smaller by two orders of magnitude. These results are consistent with the

considerations as discussed previously.
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Results of ['s [SA=0] for L77, C2,6P and their mixtures with various a7
at the polyethy.esne substrate/aqueous solution interface are also listed in Table
A-18. In the tample, it can be found that for C2,6P (a.77=0.000) and the mixture
with o 77=0.02%. . the values of I's [SA=0] and experimental results, ['si [expt.],
obtained from -the adsorption isotherms, are almost the same. Therefore, the
assumption tha: I'sa=0 is also valid for C2,6P and the mixture containing mainly
C2,6P. On the other hand, there is a significant difference between s [expt.]

and s [SA=0]-for L77 and other mixtures.

(v) L7T7—<8P Mixtures: Figure B-11 shows plots of Y 4c0s0 vs. logC of

L77, C8P and -their mixed solutions with different mole fractions of L77. The
results of adsorrption at the air/polyethylene interface are listed in Table A-19.
From the resuitss, it can be found that the adsorption of L77 and the mixtures at
the air/polyethyviene interface is smaller by one order of magnitude than that at
the air/aqueouss solution and solid/aqueous solution interfaces. For C8P, its
adsorption at the air/solid interface is smaller by two orders of magnitude.

These results are also consistent with the considerations discussed previously.
Results ©f s [SA=0] for L77, C8P and their mixtures with various a 77 at

the polyethyleme substrate/aqueous solution interface are also listed in Table

A-19. In the table, it can be found that the values of [s[SA=0] and
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experimental results, I's;[expt.], obtained from the adsorption isotherms, are
almost the same only for C8P solution (a,77=0.000). Therefore, the assumption
that ['sa=0 is only valid for C8P. On the other hand, there is a significant

difference between I's [expt.] and s [SA=0] for L77 and the mixtures.

(vi) L77-C10P Mixtures: Figure B—12 shows plots of yacosé vs. logC

of L77, C10P and their mixed solutions with various mole fractions of L77. The
resuits of adsorption at the air/polyethylene interface are listed in Table A-20.
From the results, the adsorptions of C10P and the mixtures at the air/solid
interface, except for the mixture with o 77=0.867, are too large to be believable.
The reason may be that, because the adsorption of C10P at the solid/aqueous

solution interface is not Langmuir type, the calculation of I"sa by equation(37) is

not correct.

Summary: The adsorption of L77 and its mixtures with N-alkyl-
pyrrolidinones at the air/polyethylene interface is smaller than that at the
air/aqueous solution and polyethylene/aqueous solution interfaces by one order
of magnitude, but it is not zero. This is to be expected in the case of L77 and its
mixtures with the pyrrolidinones, since dimethyl siloxane hydrophobic groups

can lower the free energy of the polyethylene surface.
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For C10P, the adsorption at the air/solid interface are too large to be
believable. The reason may be that, because the adsorption of C10P at the
polyethylene/aqueous solution interface is not Langmuir type, the calculation of
I'sa by the Gibbs equation, which is based upon monolayer adsorption at the

interface, is not correct.
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Table A-15. Adsorption Results of the Mixtures of L77 and C4P

at the Air/Polyethylene Interface(I s 1ou)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

141

aurr | driacos0) | g (expt.) [su(SA=0) [sa.tom

(Ini.) d(logC) (molem?) (molem?) (mol/cm?)
1.000 14.8 2.72x10°"° 2.59x10°'° 1.30x10""
0.805 15.2 2.82x10°'° 2.66x10°"° 1.60x10™""
0.611 15.8 2.98x10"° 2.77x10"° 2.10x10™"
0.475 16.3 3.26x10°"° 2.85x10"° 4.10x10™"
0.313 17.8 3.68x10'° 3.12x10™"° 5.60x10™"
0.209 19.1 3.92x10°"° 3.34x10'"° 5.80x10™"
0.110 17.2 3.35x10"° 3.01x10™ 3.40x10™""
0.029 15.6 3.06x10"° 2.73x10°"° 3.30x10™"
0.000 15.2 2.70x10™ | 2.66x10™ | 0.40x10™"
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Table A-16.

Adsorption Results of the Mixtures of L77 and CHP

at the Air/Polyethylene Interface([ sa. toum)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

142

a7 | 9uacoso [s. (expt.) [sL(SA=0) [saota
(Ini.) d(logC) (mol/lcm?) (mol/em?) (molcm?)
1.000 14.8 2.72x10°'° 2.59x10°'° 1.30x10™""
0.838 15.5 2.83x10"° 2.71x10°° 1.20x10™""
0.694 16.0 2.95x10°"° 2.80x10°° 1.50x10™"
0.581 16.8 3.24x10"° | 2.94x10° 3.00x10™"
0.407 18.7 3.75x10™'° 3.27x107° 4.80x10™""
0.253 20.3 4.03x10'° 3.55x10™ | 4.80x10™""
0.115 18.4 3.67x10°"° 3.22x10" | 4.50x10™""
0.058 17.7 3.23x10°° 3.10x10™'° 1.30x10™""
0.000 17.4 3.05x10™"° 3.05x10°'° 0.000
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Table A-17.

Adsorption Results of the Mixtures of L77 and C6P

at the Air/Polyethylene Interface(I s 1owi)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

143

acrr | 9(nacosd) | I's, (expt.) [sL (SA=0) [ s totas

(Ini.) d(logC) (mol/cm?) (molcm?) (molcm?)
1.000 14.8 2.72x10°'° 2.59x10°'° 1.30x10™"
0.868 15.3 2.85x10°"° 2.68x107"° 1.70x10™""
0.735 15.7 2.94x107° 2.75x10°"° 1.90x10™"
0.574 17.2 3.23x10°"° 3.01x10™"° 2.20x10™"
0.417 19.3 3.71x10°"° 3.38x10°"° 3.30x10™"
0.243 21.2 4.25x10™"° 3.71x10°° 5.40x10™"'
0.152 214 3.95x10™"° 3.75x10°'° 2.00x10™"
0.028 20.5 3.75x10°"° 3.59x10™"° 1.60x10™"
0.000 20.9 3.71x10°"° 3.66x10*° 0.50x10""

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-18. Adsorption Results of the Mixtures of L.77 and C2,6P

at the Air/Polyethylene Interface(I"sa.tow)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

144

aurr | 9(r1ac086) | g (expt.) [sL(SA=0) [sa.totat

(Ini.) d(logC) (mol/cm?) (molecm?) (molem?)
1.000 14.8 2.72x10°"° 2.59x10™"° 1.30x10°"
0.825 16.6 3.18x10°"° 2.91x10™'° 2.70x10°™"
0.651 18.5 3.75x10°"° 3.24x10"° 5.10x10"
0.501 20.9 4.27x10"° 3.66x10°'° 6.10x10™""
0.381 22.8 4.72x107° 3.99x10" | 7.30x10™"
0.220 21.5 3.94x10"° 3.76x10°*° 1.80x10™"
0.096 19.7 3.58x10°"° 3.45x10"° 1.30x10™"
0.025 18.8 3.37x10°"° 3.29x10"° 0.80x10™"
0.000 18.4 3.26x10"° 3.22x10"° 0.40x10™""
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Table A-19.

Adsorption Results of the Mixtures of L77 and C8P

at the Air/Polyethylene Interface(I sa 1ous)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

acrr | 9(yacosd) | s, (expt.) [sL(SA=0) [satotat

(Ini.) d(logC) (molem?) (molcm?) (mollem?)
1.000 14.8 2.72x10°"° 2.59x10™"° 1.30x10™"
0.906 15.7 2.99x10"° | 2.75x10" 2.40x10™"
0.791 16.9 3.27x10"° | 2.96x10"° 3.10x10™"
0.660 18.8 3.65x10™"° 3.29x10°'° 3.60x10™""
0.535 219 4.23x10°"° 3.83x10" | 4.00x10™"
0.375 23.6 4.88x10"° | 4.13x107° 7.50x10™""
0.222 238 4.66x10"° | 4.17x107° 4.90x10™"
0.085 236 4.39x10°° 4.13x10"° 2.60x10™"
0.000 24.2 4.32x10°"° 4.24x10™'° 0.80x10™""
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Table A-20.

Adsorption Results of the Mixtures of L77 and C10P

at the Air/Polyethylene Interface(I sa tow)

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

146

aurr | d(yacosé [s (expt.) [si (SA=0) [sa.tom

(Ini.) d(logC) (mol/em?) (moVlem?) (molcm?)
1.000 14.8 2.72x10°"° 2.59x107'° 1.30x10™"
0.867 16.7 3.48x10°"° 2.92x107'° 5.60x10™"
0.707 18.2 4.55x10°"° 3.19x10°'° 1.36x10°"°
0.575 19.3 5.65x10°'° 3.38x10"° 2.27x10°"°
0.435 214 9.60x10""° 3.75x107° 5.85x10""°
0.307 23.5 16.0x10™"° 4.11x10™° 1.19x10®
0.186 24.1 20.6x10°*° 4.22x10° 1.64x10°
0.077 24.4 26.6x10°"° 4.27x10° 2.23x10°
0.000 25.6 30.5x10°"° 4.48x10"° 2.60x10°°
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CHAPTER 4

RESULTS AND DISCUSSION
(Continued)

Part Il

Superspreading and Interactions

4.4 Superspreading

4.4.1 Spreading Factor(SF)

In order to measure the spreading ability of a surfactant solution on a solid
substrate, a parameter, called the spreading factor: (SF), was used. It is defined
as the ratio of the spreading area of the surfactant solution to that of the solvent

of the same volume. When such a spreading factor is larger than 25, the

spreading is usually called “superspreading”.
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4.4.2 Synergism in Superspreading

In measurements of the spreading, a series of solutions (total
concentration always 1.0g/L) with different %wt. replacement of trisiloxane L77
by pyrrolidinones were used. In order to make the results more convenient for
comparison with other results, such as adsorption at the solid/liquid interface, the
mass percent of replacement of L77 by pyrrolidinone was converted to the mole
fraction of L77 in the mixture. Plots of spreading factor (SF) vs. mole fraction of
L77 (ay77) for aqueous mixtures of L77 and pyrrolidinones on the polyethylene
substrate are shown in Figure A-7. The points at a;77 = 0.000 and a7z = 1.000

correspond to individual N-alkyl-pyrrolidinone in buffer solution and individual

L77 in buffer solution, respectively.

The data in Figure A-7 show that all the pyrrolidinones (C4P, CHP, C6P,
C2,6P, C8P and C10P) in buffer solution have very small spreading factors ( 2
~3 ), meaning that the spreading abilities of all the pyrrolidinones, by
themselves, on polyethylene film are very poor. On the other hand, the
trisiloxane, L77, in buffer solution has a very large spreading factor, around 150,
indicating its superspreading ability on the polyethylene film. There is a small
difference among the measured spreading factors for L77 because they were

measured on different days with different humidity and temperature.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Most significant in Figure A-7 is the finding of a synergistic effect in the
spreading of the mixtures of trisiloxane L77 and certain pyrrolidinones. From the
plots of spreading factor (SF) vs. a 77, one can see that the mixtures of L77 with
C4P, CHP, C6P, C2,6P or C8P show a nonideal spreading on the polyethylene
substrate. When the mole fraction of L77 is larger than about 0.25, the spreading

factors of the mixed solutions are larger than that of the L77 solution itself.

The effectiveness of superspreading enhancement by the pyrrolidinone
(the maximum SF value of the mixture) is different for the different
pyrrolidinones. SFmnax = 164 for the mixture with C4P; 180 with CHP; 210 with
C6P; 213 with C8P; 234 with C2,6P. Therefore, the effectiveness of the
pyrrolidinones in enhancing the spreading of trisiloxane L77 on the polyethylene
substrate decreases in the order: C2,6P > C8P, C6P > CHP > C4P. It is
noteworthy that the mixtures of L77 with C10P show no synergistic effect at all;
the plot of spreading factor vs. a7z for the mixtures of L77 with C10P is aimost
linear over the whole range of mole fractions of L77. It appears that spreading of
the mixture of L77 and C10P on the polyethylene film is ideal.

In order to explain these results, the effect on the spreading coefficient,

Siuis =Tsa —(YsL +Ywa) (equation (1)) of the replacement of some of the L77 in

the spreading solution by N-alky! pyrrolidinone was determined.
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4.4.3 Change in the Spreading Coefficient (ASus)

The change in the spreading coeffic.ient of L77 upon the replacement of

some of it by N-alkyl pyrrolidinone is given by the relationship(Equations 63-66,

Chapter 2):
AS s = Sm "st?s =-Ay, +Ang —ARg,
where, Ay s = Yﬁ" -Yff

_ M L7
Ang =Rg —RNg'

_ aMix L77

4.43.1 Resuits of Ay

According to equation(64) and the previous discussion, the value of
(v¥%* - ytT') can be obtained directly from the plots of y{x* vs. logC and v’ vs.
logC. The plots for systems of L77-C4P, L77-CHP, L77-C6P, L77-C2,6P,
L77-C8P and L77-C10P are shown in Figures B—1 to B-6. From the figures, it
can seen that the surface tension of mixture solutions for all systems is higher

that of L77 itself at the same concentration. The surface tension always

increases with the decrease in the mole fraction of L77 when concentration (or

log C) is the same.
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An example of the determination of Ay, is shown in Figure A-8, the plot
of yua vs. logC for L77 itself and the mixed surfactant solution containing C8P at
a mole fraction of a 77=0.375. Since the concentrations (1.0g/L) used in the
measurement of their superspreading is above their CM.C.s, both v’ and
Y'a are constant, which are 20.5 mN/m and 22.3 mN/m, respectively, and
consequently, the value of (y\x -y ) is a constant, equal to 1.8 mN/m. All
results of Ay for these systems are listed in Tables A-21 to A-26. All Ay

values are positive, which means that the surface tension of the mixed solution
above the C.M.C. of L77 is always greater than that of the L77 solution over all
the concentrations used in the measurements. There is no synergistic effect at

the air/aqueous solution interface over whole concentration range.

4.4.3.2 Results of ATtg,

Unlike Ay that can be obtained directly from the experimental data, the
reduction of interfacial tension at the solid/aqueous solution interface can only

be obtained indirectly from their adsorption isotherms. The method for

caiculating ATts, is as discussed in Chapter 2.

The plots of sy, tam VS. INC for systems of L77-C4P, L77-CHP,

L77-CéP, L77-C2,6P, L77-C8P and L77-C10P are shown in Figures B-55 to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



152

c
B-60. In order to calculate Tts. by use of Equation (69), &g =RT [ -dinC,
0

these curves are fitted by use of the software of Origin®6.0. The fitted
polynomial functions are listed in Appendix Il. The area enclosed by the curves
and the X axis is then calculated through the fitted function of the curves. It
should be noted that aithough adsorption of surfactants at the solid/liquid
interface cannot be zero if the equilibrium concentration of surfactants at bulk

solution phase is not zero, the resultant error in the calculated areas is

insignificant.

Plots of =57, =S and n%* vs. InC for all of the above systems are

shown in Figures B-61 to B-66. Values of ATs. are obtained from these

figures in the following manner(the mixture of L77 and C8P with o 77=0.375 is
used as an example): In Figure A-9, at the C.M.C. of L77 (In(CMC). = -8.94),
n% and n% equal 32.6 mN/m and 22.5 mN/m, respectively. Thus, the
reduction in interfacial tension (n%s ~ =5, ) for this mixture at the C.M.C. of L77
equals 10.1 mN/m. This means that the addition of C8P to the aqueous
solution of L77 at a mole fraction of a 77=0.375 results in an additional decrease

in amount of 10.1 mN/m in the interfacial tension at the solid/liquid interface. it
is of benefit to the spreading of the aqueous solution on the polyethylene

surface because it will make the spreading coefficient (Sus) of the solution more

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



183

positive. Values of Antg, for L77 and its mixtures with C4P, CHP, C6P, C2,6P

C8P and C10P at different mole fractions of L77 are listed in Tables A-21 to
A-26. Except for initial a 77 values of 0.115 or less, the Ang, values for the L77
mixtures with C4P, CHP, C6P, C2,6P and C8P are all positive, indicating
reduction of the solid/lliquid interfacial tension. By contrast, all the L77 mixtures

with C10P (Table A-26) show negative values of Ang,, indicating increase in the

solid/liquid interfacial tension.

4.4.3.3 Results of ATtsa

As discussed in Chapter 2, ntss can be calculated via equation(72),
c

Tga = RTj’l‘s, -dInC, where I'sais the adsorption at the air/solid interface, C is
0

the equilibrium concentration of the surfactant in the solution phase below the
C.M.C.. As discussed in the previous part of this chapter, I'sa for L77,
pyrrolidinones and all their mixtures is smaller by one or two orders of
magnitude than that at the air/aqueous solution interface ( 'La ) or at the
solid/aqueous solution interface (I's.) at all surfactant concentrations. Since,
from the above equation, nsa is directly proportional to [sa, it can be concluded
that nsa will be smaller by one order of magnitude than n.\ and ns_, and,

consequently, that Arsa must be smaller by one order of magnitude than An.a
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and Args.. Therefore, compared with Ans and Ang,, the effect of Ansa on the

change in the spreading coefficient (S}%; - S.7;) is negligible.

Consequently, from Equation (63), we have:

SUs —Stls = Ang, - Ay, (83)

The results of (S —-S:7%) for L77 and the mixtures with C4P, CHP, C6P,
C2,6P, C8P and C10P at different mole ratios of L77 are also listed in Tables
A-21 to A-26. From the data in those tables, the increase in the value of the
interfacial pressure at polyethylene/aqueous solution interface (Arns ) upon the

addition of the N-alkylpyrrolidinone is the dominant factor in increasing the

value of the spreading coefficient.

4.4.3.4 Relationship between Spreading Coefficient(S _s)

and Spreading Factor(SF)

From Tables A-21 to A-26, it is seen that the spreading coefficients of
the mixed solutions are greater than that of the solution of L77 by itself for the

mixtures with C4P, CHP, C6P, C2,6P and C8P when the mole fraction of L77 is
larger than a certain value, e.g., 0.313 for L77-C4P, 0.253 for L77-CHP, 0.152

for L77-C6P, 0.220 for L77-C2,6P, 0.375 for L77-C8P. That means that if the
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pyrrolidinone, except for C10P, is mixed with L77 at a proper mole fraction, it
can make the spreading coefficient of the mixture more positive than that of the
L77 by itself. That is, the free energy decrease per unit area of the mixed
solution upon spreading (Equation 1) becomes larger than that of the solution of
L77 by itself. Consequently, the solution will spread on the polyethylene
substrate to a larger area than that obtained with L77 by itself. The larger the

value of (S‘L“,"s -St7%). the more positive the spreading coefficient of the mixed

solution, and the greater should be the spreading area. It has been shown that
the spreading coefficient is proportional to the spreading rate of pure liquids on
homogeneous smooth solids!'*?l. If we can assume that this applies also to
solutions, and since there was a constant amount of spreading time (3 minutes)

used in this study, the larger the (positive) spreading coefficient, the larger will

be the spreading area.

From the values of (S5 -S./5) in Tables A-21 to A-26, the order of

maximum increase in the spreading coefficient by the pyrrolidinones is: C8P >
C2,6P > C6P > CHP > C4P. This is almost the same as the order of their

maximum enhancement of the spreading factor, C2,6P > C8P > C6P > CHP >
C4P, shown in Figure A-7. In view of the very different experimental techniques
involved in the calculation of the values of (S%; -S}’3) and the measurement

of the spreading factors, the data correlate well with each other.
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it is difficult to compare spreading coefficient(Sus) with spreading
factor(SF) directly because the values of S s itself are not available at present.

However, the relationship between the change in spreading coefficient
(8™ -Si";)and the change in spreading factor(SFmx—SF.77) can be found
from the above resuits, and it is shown in Figure A-10. There is a good linear
relationship between them. The correlation coefficients (R?) for all systems are
very close to 1. That means the parameter of AS_s for a mixed spreading

solution can be replaced by the parameter of ASF, and the latter one can be

obtained easily by experiment.

4.5 Interactions between Molecules of L77 and Pyrrolidinoes

in order to investigate the cause of the changes in tensions at the

various interfaces produced by replacement of L77 by N-alkyl pyrrolidinone,

interaction parameters (8°) at the various interfaces were determined.

4.5.1 Interaction Parameters at the Air/Liquid Interface (B°L.)

Molecular interactions between L77 and pyrrolidinones C4P, C6P, CHP,
C2,6P, C8P and C10P at the air/aqueous solution interface at pH=7.00 in

phosphate buffer were evaluated by use of Equations (73) and (74):

Xin(aC,, ! X,C;) -1 e, = In(aC,, / X,C;)
(1- X, In[(1-a)C,, (1- X,)C2] U (1- X,)?
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Determinations of the values of C:%, C;° and C,, are shown in Figure A-8.
Results of the molecular interaction parameter, B, ,at the air/liquid interface,

between L77 and pyrrolidinones are listed in Table A-27.

From the results, it appears that the mixtures all exhibit very weak
interactions at the air/aqueous solution interface. The L77-C10P mixture shows
a very weak repulsion between the two surfactant molecules. This is consistent

with the Ay, results listed in Tables A-21 to A-26, which indicate that there is

no synergism at the air/aqueous solution interface. In addition, the results of
minimal area per molecule at the air/aqueous solution interface, Aia ma, listed in
Tables A-2 to A-7, are also evidence for the very weak interactions between
L77 and pyrrolidinones. The area per molecule for all mixtures is between L77
and the individual pyrrolidinone, indicating that there is no significant attractive
or repulsive interaction between L77 and pyrrolidinones at the air/aqueous
solution interface. Furthermore, these results can be verified by comparing
these mixtures with the nonionic mixture of C2(OE)sOH-C12(OE);OH!4l. In this
binary mixture, both surfactants are nonionic, and their interaction parameter

(BL,) at the air/aqueous solution interface is only —0.2 at 25 °C.
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4.5.2 Interaction Parameters in the Micelle(B") in the Aqueous Phase

Molecular interactions between L77 and pyrrolidinones: C4P, C6P, CHP,
C2,6P, C8P and C10P in micelle formed in phosphate buffer solution at

pH=7.00 have been evaluated by use of Equations (75) and (76):

X¥In(@C¥1x¥c*) _ ¥ In(aCy3 / X}'CY')
(1- XY Inf(1-a)Cs I(1- X¥)Cy'] (1- X'y

Determinations of the values of C,*, C,™ and C;;* are shown in Figure A-8.

The interaction parameters(p™) are only approximate, since the values of the
CMC for the pyrrolidinones are not available due to their limited solubilities in
the buffer solution. The calculations are based upon use of their maximum
solubilities as the CMC values for the individual pyrrolidinones. The resuits are

listed in Table A-27.

From the results, it can be seen that L77 and all pyrrolidinones, except
for C10P, show weak attractive interactions in their mixed micelles with L77.
However, there is no synergism found in reduction of the surface tension

because one of the conditions under which synergism exists, that 8¢ must be

more negative than gM 'l is not met. This can be verified by the surface

tension data for these mixtures.
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4.5.3 Interaction Parameters at the Solid/Liquid Interface (B°s.)

Interaction parameters at the aqueous solution/polyethylene interface
(B3, ) have also been calculated by use of Equations (77) and (78) and through
the adsorption isotherms of the two individual surfactants and their mixtures.
The plots of s, vs. InC are obtained from adsorption isotherms and shown in
Figures B-61 to B-66 for systems L77-C4P, L77-CHP, L77-C6P, L77-C2,6P,
L77-C8P and L77-C10P, respectively. The values of In(C;%), In(C°) and In(C2)

are taken from the plots of tsL vs. LnC at the same value of ts. as shown in

Figure A-8. To obtain the concentrations, the largest common ns,_ value is best,

because it corresponds to higher values of C,°, C,° and C;,, and consequently,

smaller relative errors for the concentrations. That is quite similar to the

procedure used in calculating f°.a. However, for use in Equations (77) and (78),
the value of oy, the equilibrium mole fraction of L77 in the bulk solution phase,

is generally not equal to its initial value, because it changes with adsorption of

the surfactants onto the solid surface. This is different from the calculation for

B° and BM, where adsorption at the air/aqueous solution interface is

insignificant. But a1 can be plotted as a function of InC (C: total equilibrium

concentration) by use of the data listed in Tables B—50 to B-91. The C,°, C,°,
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C12 and the equilibrium a, values for the relevant InC,> value are substituted in

Equations (77) and (78) to calculate B3 values. These are listed in Table A-28.

From the table, it can be seen that the resuits of B°s (expt) for all
mixtures, except for L77-C10P, are negative, meaning that there is an
attractive interaction between L77 and pyrrolidinones C4P, CHP, C6P, C2,6P
and C8P, while the mixture of L77 and C10P has a small positive interaction
parameter, indicating weak repulsive interaction. The more negative the
interaction parameters, the stronger the attraction. The order of negative B3
values is C2,6P > C6P > C8P > CHP > C4P .This is exactly the same order as
the decrease in the enhancement of the spreading factor observed above

(shown in Figure A—7). For C10P, there is no enhancement found in the

spreading factor when it is added to L77 aqueous solution at any mole ratio.

The attractive interactions between L77 and pyrrolidinones C4P, CHP,
C6P, C2,6P and C8P are aiso consistent with the remarkable enhancement of
the adsorption of L77 onto powdered polyethylene( shown in Figure A-5). The
maximum enhancements by the pyrrolidinones are in the order: C2,6P > C8P >
C6P > CHP > C4P, which is aimost the same as the order of interactions listed
above. Such interactions result in a more packed monolayer at the
polyethylene/aqueous interface. Perhaps the structural similarity between the

branched hydrophobic group in the L77 molecule and the branched
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hydrocarbon chain in C2,6P molecule accounts for the finding that their

interaction is the greatest.

4.5.4 Comparison of Caiculated and Measured Mole Fraction of L77
at the Solid/Liquid Interface

Equation (77) was used above to calculate the values of X, the mole
fraction of L77 in the total surfactant at the solid/ liquid interface. Since this
value can also be obtained from the adsorbed amount of the two surfactants
from their mixture onto powdered polyethylene as described before, this permits

evaluation of the validity and accuracy of equation (77), which is based upon

the assumptions of nonideal solution theory.!'3!14%

Table A-28 lists the calculated values of Xi(calcd), obtained from

equation (77), and the interaction parameter, B (calcd), calculated by
substitution of Xi(calcd) and a, into equation (78), and the values of X;(expt),

obtained from the adsorption isotherm data, and the values of Bg, (expt),

obtained by use of X,(expt) in equation (78). Considering the complexity of the
calculations, the agreement between the values of X:(calcd) and those of

Xi(expt) is considered good validation of the nonideal solution treatment of the
adsorption data. The values of B, (calcd.) are also considered to be in good

agreement with those of B, (expt).
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4.5.5 Synergism in Reduction of Interfacial Tension Effectiveness

at the Solid/Liquid Interface

Similar to the situation at the air/liquid interface, the maximum synergism
in reduction of interfacial tension effectiveness at the polyethylene/aqueous
solution interface can also be evaluated by Equations (79) and (80). However,
the values of K; and K; should be the slopes of the ys.—InC plots of the aqueous
solutions of L77 and pyrrolidinones, respectively. Due to the difficuity in
availability of the values of ys,, it is not possible at present to numerically soive
Equation (79) to obtain the value of X:*, the equilibrium mole fraction of L77 in

the adsorbed monolayer at the polyethylene/aqueous solution interface at the

point of maximum synergism in this respect.

Although there is difficulty in obtaining X:* mathematically, the

experimental data for X,* are available from the adsorption isotherms. The

values of X;* corresponding to the experimental mole fraction(a1*€), at which
the maximum interfacial tension reduction (ns._""‘) is obtained, may be used to

calculate o "E(calcd) by use of Equation (80). The related results are listed in

Table A-29.

In Table A-29, rtsﬂ‘"" is the maximum interfacial tension reduction

effectiveness at the polyethylene/aqueous solution interface and it is obtained
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from the plots of ts. — INC (shown in Figures B-61 to B-66) at the point of

LnC.M.C of L77. In Equation (80), C," is the C.M.C. of L77, which is 1.33x10*
M, while C;™ was approximated by use of the maximum solubilities of the
pyrrolidinones, listed in Table 2. it can be seen that the calculated results are
quite close to the experimental results. This agreement is another good
validation of the nonideal solution treatment of the adsorption results. For the

system of L77-C10P, the maximum interfacial tension reduction effectiveness
was only found at the ratio of a"E(expt) equal to 1.000. This means their

mixtures do not show any synergism in spreading.

In addition, the values of (B°s.—B™), calculated from the previous results

are listed in Table A-29. As mentioned above, one of the conditions under
which synergism in interfacial tension reduction effectiveness will occur at the
solid/iquid interface is if BZ is more negative than B, that is if (B°s-BM) is
negative. In the table, the values for the systems of L77-C4P, L77-CHP,
L77-C6P, L77-C2,6P and L77-C8P are negative, and synergism in interfacial

tension reduction effectiveness is observed. For the system L77-C10P, this

value is positive, and no synergism is observed.
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Figure A-7. Spreading Factor(SF) vs. Mole Fraction of L77(a7)
for Aqueous Mixtures of L77 and Pyrrolidinones(CnP)

om the Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25°C)
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Figure A-8. Plots of Yp4vs. logC for L77, C8P
and Their Mixture(a»=0.375)

(Phosphate Buffer Solution, pH=7.00, 25 °C)
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Figure A-9. Plots of 75y vs. InC for L77, C8P

and Their Mixture(a+=0.375)
at the Polyethylene/Aqueous Solution Interface

(Phosphate Buffer Solution, pH=7.00, 25 °C)
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Figure A-10. Linear Relationship between Change in
Spreading Factor(SF) and Spreading Coefficient(S._s)
for Mixtures of L77 and Pyrrolidinones(CnP)

(In Phosphate Buffer Solution, pH=7.00, 25°C)
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Table A-21.

Results of Change in the Interfacial Tension,

Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C4P

(in Phosphate Buffer Solution, pH =7.00, 25 °C)

168

o3) | (mhim) (::Elsu;) s"';:;:)’:u, (S hua{SFhm
1.000 0 0 0 0

0.805 0.3 1.1 0.8 5

0.611 0.6 2.1 15 8

0.475 14 3.6 24 18
0.313 2.1 4.0 1.9 15
0.209 24 1.9 -0.5 -9
0.110 2.9 2.3 5.2 -60
0.029 4.0 6.6 -10.6 -130
0.000 18.4 -21.0 -39.4 -138
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Table A-22. Results of Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and CHP

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

(0::-7) (.i‘.lh‘..) (:Lt/s::n) s"‘;;,;ls";’m (SFhuc—{SFhr
1.000 0 0 0 0

0.838 0.2 0.9 0.6 8

0.694 0.4 1.7 1.3 15
0.581 1.0 3.0 2.0 22
0.407 1.5 48 3.3 34
0.253 2.2 3.0 0.8 15
0.115 3.2 -2.1 5.6 85
0.058 4.8 4.3 -9.1 -115
0.000 11.8 -12.2 -24.0 -132
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Table A-23.

Resuits of Change in the Interfacial Tension,

Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C6P

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

170

g::) (::;YuLu:n) (:u:ltls:;) s.:::r;lizm (SPha{SFhr
1.000 0 0 0 0

0.868 0.2 0.8 0.6 7

0.735 0.3 1.7 1.4 18
0.574 1.1 4.3 3.2 34
0.417 1.3 5.5 42 45
0.243 2.0 8.5 6.5 52
0.152 2.3 5.9 3.6 15
0.028 4.7 7.9 -12.6 -135
0.000 10.4 -14.1 -24.5 -142
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Table A-24. Results of Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor
for Mixtures of L77 and C2,6P

(in Phosphate Buffer Solution, pH =7.00, 25 °C)

(02) (mNim) (:tﬁlsl:\) S“I.‘.’?Ef.‘;:“‘ (SPhua{SFhr
1.000 0 0 0 0

0.825 0.2 2.5 2.3 18
0.651 0.3 5.3 5.0 38
0.503 1.0 7.5 6.5 65

0.381 1.6 9.0 7.4 75
0.220 1.8 4.5 2.7 28
0.097 26 0.9 35 -82
0.025 5.0 6.1 -11.1 -145
0.000 12.3 -14.0 -26.3 -155
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Table A-25.

Results of Change in the Interfacial Tension,

Spreading Coefficient and Spreading Factor

for Mixtures of L77 and CSP

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

172

o) | (miim) | cmirm) S iy | (S (SF )
1.000 0 0 0 0

0.906 0.1 0.4 0.3 5

0.791 0.2 1.1 0.9 15
0.660 0.3 2.5 2.2 26
0.535 0.7 4.9 4.2 a1
0.375 1.8 10.1 8.3 62
0.222 2.3 1.3 1.0 3
0.085 3.0 4.0 7.0 -80
0.000 8.1 8.5 -14.6 -103
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Table A-26.  Results of Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor
for Mixtures of L77 and C10P

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

3’&’.’» (ﬁlz‘.?.) (::ﬁlsr:a) s";:h—"s';;’u, (SPhu—ASFhr
1.000 0 0 0 0

0.865 0.4 -1.6 2.0 -18
0.707 0.9 2.3 -3.2 -38
0.572 1.4 4.7 6.1 -56
0.434 1.8 -5.8 7.6 75
0.307 22 6.5 8.7 -83
0.185 3.1 -8.3 -11.4 -115
0.077 45 9.5 -14.0 -135
0.000 8.0 6.5 -14.5 -148
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Table A-27. Interactions between L77 and Pyrrolidinones
at the Air/Liquid Interface and in Micelle

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

174

System XA B ) O gM B°a-B"
L77-C4P 0.78 -0.43 0.76 -0.82 0.39
L77-CHP 0.76 -0.57 0.72 -1.24 1.81
L77-C6P 0.76 -0.82 0.69 -1.56 2.38

L77-C2,6P 0.7% -0.67 0.66 -1.83 2.50

L77-C8P 0.67 -0.40 0.65 -1.75% 2.15

L77-C10P 0.62 0.14 0.55 0.10 0.04
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Table A-28. Interactions between L77 and Pyrrolidinones
at the Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

o | Fa | Xu | Xu
System a4 (expt) (c“:la) (expt) (calcd)

L77-C4P 0.046 -3.5 -2.7 0.77 0.74
L77-CHP 0.105 —4.2 -3.6 0.71 0.68
L77-C6P 0.145 -5.9 -5.4 0.64 0.62

L77-C26P | 0.182 6.8 -6.7 0.55 0.55

L77-C8P 0.269 -5.5 -5.1 0.42 0.49

L77-C10P 0.295 1.2 0.7 0.44 0.51
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Table A-29.. Maximum Synergism in Interfacial Tension Reduction
for Aqueous L77-Pyrrolidinone Mixtures
at the Polyethylene/Aqueous Solution Interface

(in Phosphate Buffer Solution, pH =7.00, 25 °C)

176

s a't otk s M :
System (mN/m) (expt) (calcd) B su-f" | Synergism

L77 22.5 1.00 1.00 N/A N/A
L77-CAF 26.5 0.31 0.34 -2.7 observed
L77-CHP 27.3 0.41 0.39 -3.0 observed

L77-C6P 31.0 0.24 0.27 —4.4 observed

L77-C2.6F 31.5 0.38 0.41 4.9 observed

L77-C8P 32.6 0.38 0.36 -3.7 observed
not
L77-C10P° 22.5 1.00 N/A 1.1 observed
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CHAPTER 5

MECHANISMS OF SUPERSPREADING
AND SYNERGISM IN THE SSUPERSPREADING

5.1 Mechanism of Superspreading

Aqueous solutions of trisiloxane surfactant, SILWET L77, exhibit superior
wetting properties on hydrophobic substratess. Although this phenomenon of
superspreading has been known for decadess and received extensive coverage
in the scientific literature in recent years. its mechanism is still not well
understood. In this chapter, a postulated mechanism is proposed, which is
based on the unique molecular structure and -the leading film''*! formed around

the droplet in the process of spreading.

The molecular structure of SILWET L7 is shown in the previous chapter
of this dissertation. A space filling model of tthe SILWET L77 molecule, as well
as a picture of the vertical view from top of tthe molecule are shown in Figures

A-11 and A-12. From its unique low surface -tension at the air/aqueous solution
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interface, it is reasonable to assume that the methyl groups attached to the
silicon are exposed to the air and the long polyether chain is entirely in the

water.

Figure 12. Vertical View from
Top of the Model of SILWET L77

Figure 11. A Space Filling Model
of the SILWET L77

Paradoxically, the structure of L77 with its compact hydrophobic group and

extended hydrophilic chain seems like an “inversion” of the structure of a
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regular ionic surfactant, which possesses a compact polar head group and a
long hydrophobic alkyl chain. In the case of L77, the silicon backbone provides
a means to expose a dense layer of -CH; groups on the surface, resuiting in a
lower surface tension than available with the —CH;— groups of an alkyl chain,

because -CHs groups have lower surface free energies than -CH; groups 81

When a liquid spreads on a solid surface, a precursor film (leading film) is
formed surrounding the drop due to the Marangoni Effect *”). A surface tension
gradient at the edge of the drop is the driving force for spreading. A picture of a
droplet of aqueous solution of C12E1¢ on a bare, oxidized silicon wafer is shown
in Figure 13 "7l A SEM picture of a drop of cooled glass on Fernico metal
(which has the same coefficient of thermal expansion) is shown in Figure 14!'4%,
As the spreading front stretches, concentration of the solution in the precursor
film decreases because of the adsorption of surfactant at the solid/aqueous
solution interface. Consequently, the surface tension increases at the front
relative to the top of the droplet, thereby establishing a surface tension gradient.
The greater the adsorption at the solid/aqueous solution interface, the higher

the gradient, the faster the spreading and the larger the uitimate coverage of

the surface.
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Y

 B3-0w 29387

’

Figure 13. Picture of a Droplet of Aqueous Solution of C12E10 on a Bare,
Oxidized Silicon Wafer, showing precursor film around the droplet '".

Figure 14. A SEM Picture(x130) of a Drop of Cooled Glass on Femico
Metal, showing precursor film around the droplet nes
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A proposed mechanism to explain the superspreading of L77 is elucidated

in Figure 15.
«g— Hydrophobic —gu Conventional
Group nonionic
L77 Hydrophilic surfactant
Chain

Polyethylene Substrate _~ =~~~
In Conventionai Surfactant Solution / In L77 Aqu.
Solution

/

Air

olyethylene Substrate Polyethylene Substrate

1 Time to Spread

Figure 15. A Schematic Depiction of s U S

Transfer of Surfactant Molecules from — - =} =1/
the Air/Aqueous Solution Interface to L G S Y S S G
Polyethyiene Surface ™. TS e e -

ANINNNNNNNNNNNNNNANNN
Polyethylene Substrate
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In Figure15, it is shown that the progressive advance of L77 aqueous
solution can be likened to “molecular zippering” of the polyethylene/aqueous
solution interface. Conventional surfactants tend to lie flat on the surface

exposing hydrophobic patches which impede spreading.

As discussed in the previous part of this dissertation, the low surface
tension criterion is not the only one governing the spreading characteristics of
surfactant solutions. The unique structure of L77 must play an important role in
determining its superspreading behavior. The extraordinary ability of trisiloxane
surfactant L77 to spread on hydrophobic surfaces may be related to the short,
compact structure of its hydropkhwobic group, which facilitates a transfer of
surfactant molecules from the air/aqueous solution interface to the solid
surface. In Figure 15, the advancing contact angle of the precursor film is
shown, on a molecular scale, as being obtuse’®. Because of the short,
compact nature of the hydrophobic group, L77 molecules are readily transferred
from the air/ aqueous solution interface to the polyethylene/aqueous solution
interface, facilitating progressive advance of the precursor fim. The surface

tension gradient is maintained untd the spreading reaches equilibrium.

This behavior can be contrasted to that observed with conventional

surfactants in which the cumbersome hydrophobic groups impede the
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molecular transfer and the spreading process. According to the proposed
mechanism, it can be predicted that the longer the hydrophobic chain, the more
difficult will be the transfer of surfactant molecules from the air/aqueous solution
interface to the solid/aqueous solution interface, and therefore, the less
tendency of spreading on the solid surface. Couzis!'®! and his co-workers
reported that trisiloxane surfactants are able to remove the highly energetic
water layer near the hydrophobic surfaces. However, the conventional

polyethoxylate surfactants(CiE;) are not able to remove this interfacial water

layer effectively.

5.2 Mechanism of Synergism in Superspreading

As discussed in Part | of Chapter 4, the adsorption of L77 and the total
adsorption of the surfactant mixtures at the polyethylene/aqueous solution
interface can be enhanced by the addition of pyrrolidinones, except for C10P, to
the L77. This means that the addition of pyrrolidinones with short hydrocarbon
chains can make the adsorbed molecules more closely packed at the
polyethylene/aqueous solution interface, which results in an additional reduction
of the interfacial tension at the interface. On the other hand, the adsorption of
L77 at the air/aqueous solution interface is not enhanced by the addition of

pyrrolidinones. However, the addition of pyrrolidinones with short hydrocarbon
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chains to the aqueous solution of L77 may make the film at the air/ aqueous
solution interface, specially the precursor film of spreading, more flexible and
easier to bend. Kabalnov reported that many spreading agents have very short
and highly branched hydrocarbon tail structures to facilitate good spreading ..
For further explanation, the precursor films of superspreading of aqueous
solutions on polyethylene surface for L77 alone are shown in Figure 16 and
Figure 17, a mixture of L77 and a pyrolidinone with a short straight
hydrocarbon chain, such as C8P, are shown in Figure 18 and Figure 19, and a
mixture of L77 and a pyrrolidinone with a branched hydrocarbon chain, such as

C2,6P, are shown in Figure 20 and Figure 21.

Air

Precursor film of aqueous soin.

FRP ANy

Polyethylene substrate

Figure 16. Precursor Film of Aqueous Solution of L77 Alone on Polyethylene
Substrate. Adsorption of L77 at the interfaces of air/aqueous solution and
polyethylene/aqueous solution are aimost the same.

As discussed in the previous part, the reason for superspreading of L77 on

a hydrophobic surface such as polyethylene film is due to its unique molecular
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structure with a compact hydrophobic group, rather than a long hydrocarbon
chain in a conventional surfactant molecule. The precursor film is shown in
Figure 16. It can be seen that the bend of the precursor film in the direction of
advance spreading will mainly depend upon the distance between the
hydrophilic chains of the L77 molecules, as shown in Figure 17. Obviously, the
larger the distance between the two hydrophilic chains, the easier will be the

bend of the precursor film in the spreading direction.

. Air
Air Aqueous

'D solution

—— : ,
queou
solution Bend of the Direction of
AN .
ﬂ precursor film spreading

Figure 17. Bend of Precursor Film of AqQueous Solution of L77 in the
Direction of Advance Spreading. The larger the distance between the
hydrophilic chains of the two L77 molecules, the easier will it be to bend.
According to the experimental resuits, for mixtures of L77 and
pyrrolidinone with a short straight hydrocarbon chain such as C8P, the
adsorption of the mixture at the polyethylene/aqueous solution interface is
greater than that at air/aqueous solution interface because the adsorption of

L77 at the former interface is enhanced by the addition of pyrrolidinones except

for C10P. At the air/aqueous solution interface, there is no enhancement of the
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adsorption. The adsorption of L77 decreases because some of the adsorbed
L77 molecules are replaced by pyrrofidinone molecules at the interface. This is
shown in Figure 18. Therefore, the distance between the hydrophilic chains of
two L77 molecules becomes larger, which makes it easier to bend the precursor
film in the direction of spreading. This is shown in Figure 19. The experimental
data have evidenced this change in the distance between the two hydrophobic
chains of L77 molecules. As an approximation, this change can be evaluated in
the following manner. The minimum area of L77 per molecule in absence of
pyrrolidinone is 66 A%. Assume it occupies a square area at the air/aqueous
solution interface, the distance between the two hydrophobic chains equals the
square root of 66 A2, which is 8.1 A_ In the mixture with a pyrrolidinone, e.g.,
C8P, the total adsorption of L77 and C8P at the air/aqueous solution interface

increases to 2.8x107'° mol/lcm? because of the contribution from the larger

Air

6 2 0 oJ
) &

Precursor film of aqueous soin.

oo et e e oY

Polyethyiene substrate

Figure 18. Precursor Film of Aqueous Solution of Mixture of L77 and
Pyrrolidinone Having a Short Straight Hydrocarbon Chain on Polyethylene
Substrate. Adsorptions of L77 at the polyethylene/aqueous solution
interface is enhanced; at the airfagueous solution interface, it decreases.
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Air Air
’W‘D Agueous
# solution
Aqueous Wﬂ —_— _— =
solution Bend of the Direction of
@&~  precursor film spreading
,W.D

Figure 19. Bend of Precursor Film of Aqueous Solution of L77 and
Pyrrolidinone Having a Short Straight Hydrocarbon Chain on Polyethylene
Substrate in the Direction of Spreading. The distance between the
hydrophilic chains of two L77 molecules becomes larger.

adsorption of C8P at the air/aqueous solution interface. The average minimum
area per molecule is therefore 59 A2 In the adsorbed monolayer at the
interface, the mole fraction of L77 is 0.62. Therefore, the average area occupied
by each L77 molecule equais 95 A2. With the same assumption of a square
occupied by each L77 molecule, the distance between the two hydrophobic
chains of L77 is 9.8 A, which is larger than that in absence of C8P. On the other
hand, the hydrophilic group of the pyrrolidinones is much smaller than the

hydrophilic group of L77. The space between the hydrophilic groups of L77 is

large enough to accommodate it.
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For mixtures of L77 and the pyrrolidinone with a branched hydrocarbon
chain, C2,6P, the enhancement of adsorption at the polyethylene/aqueous
solution interface caused by C2,6P is the greatest among the pyrrolidinoes
studied. The possible packing model for the mixture of L77 and C2,6P at the
polyethylene/ aqueous solution interface is shown in Figure 20. The branched
hydrophobic chain works as a bridge to link each two L77 molecules at this
interface. In this way, both L77 and C2,6P molecules have optimal packing and
reach a maximum enhancement of adsorption at the interface. This packing
model can be verified by the results of the mole fraction of L77 at the

polyethylene/aqueous solution interface. The experimentally determined
X%, (expt) and calculated X, (calcd) are the same, both of them are 0.55 ©*'],

which are pretty close to the value of 0.5, obtained from the proposed packing
model. The experimentally determined mole fractions of L77, X, (expt), in the

mixtures with other pyrrolidiniones are: C4P, 0.77; CHP, 0.71; C6P, 0.64; C8P,
0.55; C10P, 0.40. At the interface air/aqueous solution, the change in the
adsorption is the same as that of other pyrrolidinones as described before,
there is no enhancement of adsorption at this interface and some of the
adsorbed L77 molecules are replaced by C2,6P molecules. Therefore, the
distance between the hydrophilic chains of two L77 molecules becomes larger,
which makes it easier to bend the precursor film in the direction of spreading.

This is shown in Figure 21. In addition, because of the branched
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hydrophobic chain in C2,6P molecules, the side in the air at the air/aqueous

solution interface is more crowded relative to other pyrrolidinones, which is aiso

Air

Precursor film of aqueous soin.

Rl Relefelefe

Polyethylene substrate

Figure 20. Precursor Film of Aqueous Solution of Mixture of L77 and C2,6P
on Polyethylene Substrate. The branched hydrophobic chains in C2,6P
molecules link each two molecules of L77 to make the molecules pack

best at the polyethylene/aqueous solution interface.

Aqueous .
solution Air
Aqueous —_—
solution Bend of the Direction of
precursor film spreading

Figure 21. Bend of Precursor Film of Aqueous Solution of L77 and C2,6P on
Polyethylene Substrate in the Direction of Advance Spreading. The branched
hydrocarbon chains make an additional contribution to bend the precursor
film in the direction of spreading.
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shown in Figure 21, it makes an additional contribution to bend the precursor
film in the direction of spreading, which cannot be produced by other used
pyrrolidinones with a short straight hydrocarbon chain. Combined both unique
properties of C2,6P as described above, the mixture of L77 and C2,6P shows
the greatest synergistic effect in superspreading on polyethylene film. As of the
mixture of L77 and CHP, although the hydrocarbon group of CHP, cyclohexyl
group, is nearly as bulky as C2,6P, it is not able to enhance the adsorption of
L77 at polyethylene/aqueous solution interface, a dominant factor governing the
spreading, as high as C2,6P. Therefore, the synergism of mixture of L77 and

CHP is less than that of mixture of L77 and C2,6P.

5.3 The Lack of Synergism Found in Mixtures of L77 and C10P

Apparently, there is a maximum in the length of the hydrocarbon chain of
pyrrolidinones that can enhance the superspreading of L77 on the polyethylene
substrate. Except for CHP and C2,6P, whose hydrocarbon chains are not
straight chain, C4P, C6P, C8P, and C10P are exact homologues, whose
hydrophobic chains each increase by two —~CH: groups. Their hydrophobicities
can be related to their solubilities in water; the lower solubility, the higher the
hydrophobocity of the molecule. Figure 22 shows the logarithm of solubility
(mole/L) of the homologues in the phosphate buffer solution. it can be seen that
the logarithm of the solubility(mole/L) of the homologues decreases linearly with

increase in the number of carbon atoms in the alkyl chain. Noteworthy is that
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the solubilities(mole/L) of C4P, C6P and C8P are higher than that of L77, but
the solubility(mole/L) of C10P is lower than that of L77. It means that the

hydrophobicity of C10P is higher than that of L77. This may account for its
greater adsorption than that of L77 at the aqueous solution/ polyethylene

interface 1.

Figure 22. Plot of Logarithm of Solubility(M) vs.
the Number of Carbon Atoms in Alkyl Chain
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Because of the competitive adsorption of C10P, the polyethylene/aqueous
solution interface, when contacted with the mixture of L77 and C10P, will be
mainly occupied by C10P molecules, as shown in Figure 23, rather than by the
L77 molecules observed in the mixtures with other pyrrolidinones. This has

been confirmed by experimental data of mole fraction of L77 (X§ ) at the

interface of polyethylene/aqueous solution. For the mixture of L77 and C10P,

X< (expt) = 0.40; for all the other mixtures, X (expt) is greater than 0.50.

Thus, the interfacial tension at the polyethylene/aqueous solution interface,
reduced mainly by C10P, cannot be as low as where reduced mainly by L77, in

the other mixtures. Consequently, the spreading cannot be enhanced

effectively.

I e S sy Air
) & )
Precursor of aqueous soin.

HENI R

Polyethylene substrate

Figure 23. Precursor Film of Aqueous Solution of Mixture of L77 and C10P on
Polyethylene Substrate. The mole fraction of L77 at the polyethylene/aqueous
solution interface is 0.4, the greater portion of this interface is occupied by C10P.
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Also, the most competitive adsorption of C10P relative to other
pyrrolidinones results in a smallest mole ratio of L77 to C10P at air/aqueous

solution interface. From the experimental results!®'!, it can be seen that for

mixtures of L77 and pyrrolidinones, L77 and C10P, X, =0.62; L77 and C8P
X{2=0.67; L77 and C2,6P,X{,=0.75; L77 and C6P, X(,=0.76; L77 and

CHP, X}, =0.76; L77 and C4P, X, =0.78. Because a pretty large portion of the

interface is occupied by C10P molecules, with the longest straight hydrocarbon
chains relative to the other pyrrolidinones, it impedes the transfer of surfactant
molecules from the air/aqueous solution interface to the polyethylene/ aqueous
solution interface because of the greater difficult of bending of the precursor

film. Consequently, the spreading of the mixture is not enhanced.
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CONCLUSIONS

Adsorption effectiveness (['La) of the individual surfactant at the
air/aqueous solution interface decreases in the order. C10P > C8P > C6P >
C2,6P > CHP > C4P > L77. For N-alkylpyrrolidinones with different alkyl chain
lengths, the adsorption at the air/aqueous solution interface increases, as
expected, with length of the alkyl chain. L77, aithough it has the smallest
adsorption at air/aqueous solution interface, has the lowest ycm . Therefore, the
value of y.mc is not necessarily consistent with the adsorption effectiveness at
the air/aqueous solution interface, but depends as well on the molecular
characteristics of the surfactanmt. However, L77 has the greatest adsorption

efficiency (pC,. -AG.,) at the air/aqueous solution interface among the

compounds investigated. Mixtures of L77 and an N-alkyl-pyrrolidinone show

little, if any, enhancement of the total surfactant adsorption of the mixture at that

interface.

Adsorption amounts of the individual surfactants on powdered
polyethylene surfaces decrease in the order: C10P > L77 > C8P > C2,6P > C6P

> CHP > C4P, with adsorption of the pyrrolidinones on the polyethylene surface
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decreasing, as expected, with a decrease in the number of carbon atoms in the
alkyl chain of the pyrrolidinones. The adsorption isotherms of all surfactants
except C10P are of Langmuir type, with the absolute values of their (negative)
standard adsorption free energies decreasing in the order: L77 > C8P > C6P >
CHP > C2,6P > C4P. There is considerable enhancement of the adsorption of
L77 in the mixed solutions onto the powdered polyethylene surface upon the
addition to the solution of the pyrrolidinones and, except for C10P, reduction in
the adsorption of the pyrrolidinones. The enhancement effectiveness by the
pyrrolidinones of L77 adsorption at the polyethylene/aqueous solution interface
is in the order: C2,6P > C8P > C6P > CHP > C4P; the enhancement efficiency
is in the order: C2,6P > C8P > CHP> C6P > C4P.

There is also enhancement of the total adsorption of surfactant at the
polyethylene/aqueous solution interface in the L77-pyrrolidinone mixtures. The
enhancement effectiveness of the pyrrolidinones decreases in the order: C2,6P
> C8P > C4P > CHP > C6P ; the enhancement efficiency in the order: C2,6P

~ C8P > C6P ~ CHP > C4P. C10P causes no enhancement of total surfactant

adsorption.

Since adsorption of individual surfactants and their mixtures at the
solid/air interface is smaller by one order of magnitude than that at the

air/aqueous solution and solid/aqueous solution interfaces and there is aimost
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no enhancement of the total adsorption of the surfactants at the air/aqueous
solution interface upon addition of the pyrrolidinones, enhancement of the
adsorption at the solid/aqueous solution interface, and especially of L77,

appears to be the most significant effect of this addition.

The change in the values of the spreading coefficient on polyethylene of
an aqueous solution of the ethoxylated trisiloxane L77 upon addition of an N-
alkyl pyrrolidinone can be approximated from the difference between the
change in interfacial pressure at the polyethylene/aqueous solution interface
and the change in the surface tension of the aqueous soiution. The increase in

the value of the former is the dominant factor in increasing the vaiue of the

spreading coefficient.

The change in the spreading coefficient on the polyethylene of an
aqueous solution of L77 upon addition of different N-alkyl pyrrolidinones is in
about the same order as their enhancement of its spreading factor on
polyethylene. There is a good linear relationship between the change in
spreading coefficient and the change in spreading factor. The slope of the plots

for all mixtures is aimost a constant, meaning it is related to the surface energy

of the substrate.
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Interactions of L77 with the different N-alkyl pyrrolidinones investigated
at the aqueous solution/air and polyethylene/air interface are very weak. The
L77-C10P mixture shows a very weak repuision between the two surfactant
molecules. This is consistent with the results of surface tension, which indicate
that there is no synergism at the air/aqueous solution interface. The area per
molecule at the air/faqueous solution interface is between L77 and the individual
pyrrolidinone, indicating that there is no significant attractive or repulsive

interaction between L77 and pyrrolidinones at the air/aqueous solution

interface.

At the interface of polyethylene/aqueous solution, there is an attractive
interaction between L77 and pyrrolidinones C4P, CHP, C6P, C2,6P and C8P
while the mixture of L77 and C10P has a small positive interaction parameter,
indicting weak repulsive interaction. The order of negative Bs.° values is
C2,6P>C6P>C8P>CHP>C4P. This is exactly the same order as the
decrease in the enhancement of the spreading‘factor. For C10P, there is no
enhancement found in the spreading factor when it is added to L77 aqueous
solutions at any mole ratio. The attractive interactions between L77 and
pyrrolidinones C4P, CHP, C6P, C2,6P, and C8P are also consistent with the
remarkable enhancement of the adsorption of L77 onto powdered polyethylene.
The maximum enhancements of adsorption by the pyrrolidinones are in the

order C2,6P>C8P>C6P>C4P, which is almost the same as the order of
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interactions listed above. Such interactions result in a more packed monolayer
at the polyethylene/aqueous solution interface. Perhaps the structural similarity
between the branched hydrophobic group in the L77 molecule and the
branched hydrocarbon chain in C2,6P molecule accounts for the finding that

their interaction is the greatest.

Comparison of values of the mole fractions of L77 and the interaction
parameters at the polyethylene/aqueous solution interface, either calculated by
use of the nonideal solution treatment or measured directly from adsorption
data, showed good agreement between them. This is considered good

validation of the nonideal solution treatment for calculating these quantities.
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Table B-1. Surface Tension, Contact Angle and Adhesion Tension
of L77 on Polyethylene Substrate
(In Phosphate Buffer Solution, pH=7.00, 25 °C)

CM™M) LogC |yi\(mN/m) 0 cosd Yuacos0
1.25x10® -5.90 47.3 96.5° -0.113 -5.35
2.50x10¢ -5.60 42.6 91.6° -0.028 -1.19
5.00x10® -5.30 38.5 85.2° 0.084 3.22
1.00x10° -5.00 34.3 77.5° 0.216 7.42
2.00x10°5 -4.70 29.5 68.1° 0.373 11.00
5.00x10°° -4.30 24.5 46.8° 0.685 16.77
1.00x10* -4.00 22.2 19.6° 0.942 20.91
2.00x10* -3.70 21.5 9.6° 0.986 21.20
4.00x10* -3.40 21.2 4.4° 0.997 21.14
8.00x10* -3.10 21.1 0° 1.000 21.10
1.60x10° -2.80 21.0 0° 1.000 21.00
3.20x10° -2.49 20.9 0° 1.000 20.90
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Table B-2. Surface Tension, Contact Angle and Adhesion Tension
of C4P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC  {Yia (mN/m) 0 coso Yiacos0
4.00x10* -3.40 71.8 96.5° -0.113 -8.13
8.00x10* -3.10 71.4 96.1° -0.106 -7.59
1.60x10° -2.80 70.9 95.8° -0.101 -7.16
3.20x10° -2.49 69.7 95.2° -0.091 -6.32
6.40x10° -2.19 68.1 94.8° -0.084 -5.70
1.28x107? -1.89 65.1 93.9° -0.068 4.43
2.56x10* -1.59 61.2 91.1° -0.019 -1.17
5.12x10? -1.29 56.9 87.5° 0.044 2.48

0.102 -0.99 51.7 82.7° 0.127 6.57

0.250 -0.60 46.1 75.4° 0.252 11.62

0.500 -0.30 41.8 66.6° 0.397 16.60

1.000 0.00 38.9 5§7.2° 0.542 21.07
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Table B-3. Surface Tension, Contact Angle and Adhesion Tension

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

of CHP on Polyethylene Substrate

CM) LogC |yi (mN/m) 0 coso Yuncoso
2.24x10° -2.65 65.6 95.3° -0.092 -6.06
4.48x10° -2.35 60.4 95.5° -0.096 -5.79
8.96x10™ -2.05 54.2 95.6° -0.098 -5.29
1.79x102 -1.75 48.3 95.1° -0.089 -4.29
3.58x10% -1.45 44.1 90.7° -0.012 -0.54
7.16x10? -1.15 37.7 83.6° 0.111 4.20
1.43x10™ -0.84 32.8 72.5° 0.301 9.86
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Table B-4. Surface Tension, Contact Angle and Adhesion Tension
of C6P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC  |Yia (mN/m) 0 coso YiacosO
1.10x10° -2.96 63.2 96.2° -0.108 -6.83
2.20x10° -2.66 56.8 96.1° -0.106 -6.04
4.40x10° -2.36 52.6 95.8° -0.101 -5.32
8.80x10° -2.06 47.7 94.2° -0.073 -3.49
1.76x1072 -1.75 42.2 89.1° 0.016 0.66
3.52x10? -1.45 36.5 79.8° 0.177 6.46
7.04x10? -1.15 31.8 70.4° 0.335 10.67
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Table B-5. Surface Tension, Contact Angle and Adhesion Tension
of C2,6P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yu\(aN/m) 0 coso YuacosO
7.94x10* -3.10 52.1 89.6° 0.007 0.36
1.00x10° -3.00 50.5 87.6° 0.042 2.1
1.26x10° -2.90 48.4 85.3° 0.082 3.97
1.58x10°° -2.80 46.8 83.1° 0.120 5.62
2.00x10° -2.70 45.2 80.5° 0.165 7.46
2.51x10° -2.60 43.6 77.4° 0.218 9.51
3.16x10° -2.50 41.8 74.2° 0.272 11.38
3.98x10° -2.40 40.2 71.3° 0.321 12.89
5.01x10° -2.30 38.4 66.9° 0.392 15.07
6.31x10° -2.20 36.8 63.1° 0.452 16.65
7.94x10°3 -2.10 35.1 58.2° 0.527 18.50
1.00x102 -2.00 33.3 52.4° 0.610 20.32
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Table B-6. Surface Tension, Contact Angle and Adhesion Tension
of C8P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia (mN/m) 0 coso Yacosd
2.82x10* -3.55 57.6 93.8° -0.066 -3.82
3.98x10* -3.40 54.5 91.6° -0.028 -1.52
5.64x10* -3.25 50.8 88.4° 0.028 1.42
7.95x10* -3.10 47.2 85.7° 0.075 3.54
1.13x10° -2.95 43.8 80.6° 0.163 7.15
1.58x10° -2.80 40.9 76.3° 0.237 9.69
2.26x10° -2.65 37.1 69.2° 0.355 13.17
3.16x10° -2.50 33.5 61.6° 0.476 15.93
4.52x10° -2.34 29.6 51.5° 0.623 18.43
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Table B-7. Surface Tension, Contact Angle and Adhesion Tension
of C10P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |y (mN/m) 0 coso Yuacosd
3.12x10° -4.51 53.8 96.4° -0.111 -6.00
5.24x10° 4.28 48.6 95.7° -0.099 4.83
8.48x10°° 4.07 4.4 90.8° -0.014 -0.62
1.24x10* -3.91 40.6 84.6° 0.094 3.82
1.87x10* -3.73 36.6 76.5° 0.233 8.54
2.80x10* -3.55 32.8 74.8° 0.262 8.60
4.20x10* -3.38 29.1 72.7° 0.297 8.65
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Table B-8. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C4P on Polyethylene Substrate

(@77 =0.029, C4P%wt.=87.1%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yw (mN/m) 0 coso Yuacos6
1.51x10° -4.82 55.1 94.1° -0.071 -3.94
3.02x10° -4.52 49.5 92.6° -0.045 -2.25
6.04x10°° -4.22 446 88.5° 0.026 1.17
1.21x10* -3.92 38.2 83.5° 0.113 4.32
2.42x10™ -3.62 33.4 77.5° 0.216 7.23
4.84x10* -3.32 29.1 69.2° 0.355 10.33
9.68x10* -3.01 26.1 58.4° 0.524 13.68
1.94x10° -2.7 25.1 47.5° 0.676 16.96
3.88x10° -2.41 24.2 34.5° 0.824 19.94
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Table B-9. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C4P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(aL77=0.110, C4P%wt.=62.0%)

C (M) LogC {yia(mN/m) 0 coso Yuacosd
1.12x10°° 4.95 51.1 92.2° -0.038 -1.96
2.24x10° 4.65 46.9 91.5° -0.026 -1.23
4.48x10° -4.35 42.3 86.3° 0.065 2.73
8.96x10° -4.05 36.5 78.2° 0.204 7.46
1.79x10™ -3.75 314 67.9° 0.376 11.81
3.58x10* -3.45 26.2 51.6° 0.621 16.27
7.16x10* -3.15 24.3 31.2° 0.855 20.79
1.43x10° -2.84 23.3 17.4° 0.954 22.23
2.86x10° -2.54 23.2 16.6° 0.958 22.23
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Table B-10. Surface Tensiom, Contact Angle and Adhesion Tension of
Mixtures of 1L77 and C4P on Polyethylene Substrate

(ap77=0.209, C4P%wt.=43.3%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia (mN/m) 0 coso Yucosd
1.18x10° 4.93 46.3 89.7° 0.005 0.24
2.36x10°° 4.63 41.5 84.3° 0.099 4.12
4.72x10° 4.33 36.8 77.7° 0.213 7.84
9.44x10* -4.03 328 67.8° 0.378 12.39
1.89x10* -3.72 28.2 52.4° 0.610 17.21
3.78x10™ -3.42 24.6 30.8° 0.859 21.13
7.56x10" -3.12 23.2 20.3° 0.938 21.76
1.51x10° -2.82 229 16.8° 0.957 21.92
3.02x10° -2.52 228 15.6° 0.963 21.96
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Table B-11. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C4P on Polyethylene Substrate
(aL77=0.313, C4P%wt.=30.7%)
(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |via (mN/m) 0 coso Yucoso
3.43x10° -5.46 48.7 94.1° -0.071 -3.48
6.85x10°* -5.16 44.8 90.4° -0.007 0.31
1.37x10° -4.86 40.6 84.5° 0.096 3.89
2.74x10° -4.56 36.5 78.9° 0.193 7.03
5.48x10°° -4.26 32.5 69.8° 0.345 11.22
1.10x10* -3.96 28.4 58.5° 0.522 14.84
2.19x10* -3.66 24.5 39.5° 0.772 18.90
4.38x10* -3.36 22.8 25.3° 0.904 20.61
8.76x10* -3.06 22.1 22.3° 0.925 20.45
1.95x<10° -2.71 22.1 21.5° 0.930 20.56
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Table B-12. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C4P on Polyethylene Substrate
(77 =0.475, C4P%wt.=18.2%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

210

C(M) LogC  |yia (mN/m) 0 coso Yuncoso
2.81x10* -5.55 46.2 94.4° -0.077 -3.54
5.62x10° -5.25 42.1 90.2° -0.003 -0.15
1.12x10°S -4.95 38.3 83.2° 0.118 4.53
2.24x10° -4.65 345 76.4° 0.235 8.11
4.48x10°° 4.35 304 66.2° 0.404 12.27
8.96x10° -4.05 26.5 52.5° 0.609 16.13
1.81x10* -3.74 23.6 30.8° 0.859 20.27
3.62x10* -3.44 22.1 19.6° 0.942 20.82
7.24x10* -3.14 21.9 12.4° 0.977 21.39
1.44x10° -2.84 22.0 5.5° 0.995 21.90
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Table B-13. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C4P on Polyethylene Substrate

(apL77=0.611, C4P%wt.=11.4%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |y (mN/m) 0 coso Yacos0
3.30x10°* -5.48 445 90.5° -0.009 -0.39
6.61x10° -5.18 40.4 85.4° 0.080 3.24
1.35x10°° -4.87 35.8 78.4° 0.201 7.20
2.40x10° -4.62 32.1 70.8° 0.329 10.56
4.27x10° 4.37 28.6 61.2° 0.482 13.78
8.32x10°% -4.08 25.7 46.5° 0.688 17.69
1.45x10* -3.84 225 30.5° 0.862 19.39
2.90x10* -3.54 21.7 16.5° 0.959 20.81
5.80x10* -3.24 215 12.4° 0.997 21.00
1.16x10° -2.94 21.4 8.8° 0.988 21.15
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Table B-14. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C4P on Polyethylene Substrate

(0LL77 = 0.805, C4P%wt=4.7%)

(in Phosphate Buffer Solution, pH=7.00, 25 °C)

CM) LogC  |Yia (mN/m) 0 coso Yucosd
2.10x10° -5.68 45.4 93.6° -0.063 -2.85
4.22x10® -5.37 41.1 88.1° 0.033 1.36
8.44x10° -5.07 36.5 82.5° 0.131 4.76
1.69x10°° 4.77 324 73.6° 0.282 9.15
3.42x10° -4.47 28.3 62.7° 0.459 12.98
6.84x10° 4.16 246 46.5° 0.688 16.93
1.77x10* -3.75 22.1 25.6° 0.902 19.93
3.54x10 -3.45 21.9 18.9° 0.946 20.72
7.01x10* -3.15 21.7 10.5° 0.983 21.34
1.40x10° -2.85 214 5.2° 0.996 21.31
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Table B-15. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CHP on Polyethylene Substrate

(ap77 = 0.058, CHP%wt.=79.5%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia(mN/m) 0 coso Yracos0
2.61x10° -4.58 48.3 93.6° -0.063 -3.03
5.22x10° -4.28 43.5 88.9° 0.019 0.84
1.04x10* -3.98 38.8 83.1° 0.120 4.66
2.08x10* -3.68 34.6 75.7° 0.247 8.55
4.16x10* -3.38 30.1 64.5° 0.431 12.96
6.16x10* -3.21 27.1 54.2° 0.585 15.85
1.03x10° -2.99 26.3 42.4° 0.738 19.42
2.06x10° -2.69 25.8 37.5° 0.793 20.47
4.12x10° -2.39 25.4 34.5° 0.824 20.93
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Table B-16. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CHP on Polyethylene Substrate

(077 =0.115, CHP%wt.=64.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cm LogC |y (mN/m) 0 coso Yiacos0
1.32x10° -4.88 48.4 94.7° -0.082 -3.97
2.64x10° -4.58 43.9 90.5° -0.009 -0.38
5.28x10° -4.28 39.8 82.9° 0.124 4.92
1.03x10* -3.99 35.1 73.4° 0.286 10.03
2.06x10* -3.69 314 59.7° 0.505 15.84
4.12x10* -3.39 26.2 44.8° 0.710 18.59
7.22x10* -3.14 24.3 26.1° 0.898 21.82
1.44x10° -2.84 24.2 21.2° 0.932 22.56
2.88x10° -2.54 24.1 15.4° 0.964 23.23
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Table B-17. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CHP on Polyethylene Substrate

(077 =0.253, CHP%wt.=41.3%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C(m) LogC  |Yia(mN/m) 0 coso Yracos6
1.16x10°° -4.94 45.8 94.5° -0.078 -3.59
2.32x10°° 4.63 415 86.4° 0.063 2.61
4.64x10° -4.33 36.8 75.4° 0.252 9.28
9.23x10°S -4.03 32.8 64.8° 0.426 13.97
1.84x10* -3.74 28.2 46.9° 0.683 19.27
3.68x10™ -3.43 24.1 30.8° 0.859 20.70
7.46x10* -3.13 234 20.8° 0.935 21.87
1.48x10° -2.83 23.3 14.8° 0.967 22.53
2.96x10° -2.53 23.2 12.4° 0.977 22.66
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Table B-18. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(aL77=0.407, CHP%wt.=25.8%)

C (M) LogC |y (mN/m) 0 coso Yuacos6
6.23x10° -5.21 46.4 95.2° -0.091 -4.21
1.24x10°* -4.91 42.2 91.8° -0.031 -1.33
2.28x10°* -4.64 38.3 86.4° 0.063 2.40
4.56x10° -4.34 33.9 78.9° 0.193 6.53
9.12x10°* -4.04 29.3 65.8° 0.410 12.01
1.82x10* -3.74 254 51.3° 0.625 15.88
3.64x10* -3.44 23.2 35.4° 0.815 18.91
7.28x10* -3.14 26 25.3° 0.904 20.43
1.45x10° -2.84 225 20.5° 0.937 21.08
2.90x10° -2.54 24 15.4° 0.964 21.60
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Table B-19. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate
(aL77=0.581, CHP%wt.=14.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

217

C (M) LogC |yi\ (mN/m) 6 coso YacosO
3.42x10° -5.47 45.9 95.6° -0.098 -4.48
6.84x10° -5.16 41.8 90.3° -0.005 -0.22
1.37x10° -4.86 37.9 83.2° 0.118 4.49
2.74x10° -4.56 33.9 74.4° 0.269 9.12
5.48x10° -4.26 28.9 61.6° 0.476 13.75
8.98x10° -4.05 26.0 48.8° 0.659 17.13
1.88x10* -3.73 229 29.5° 0.870 19.93
3.66x10* -3.44 221 18.3° 0.949 20.98
7.28x10* -3.14 22.1 12.1° 0.978 21.61
1.48x10° -2.83 22.1 6.2° 0.994 21.97
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Table B-20. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CHP on Polyethylene Substrate

(ap77 = 0.694, CHP%wt.=9.5%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia (mN/m) 0 coso Yacos0
3.11x10°* -5.51 444 93.5° -0.061 -2.71
6.22x10°® -5.21 40.2 88.4° 0.028 1.12
1.24x10° -4.91 35.8 82.1° 0.137 4.92
2.48x10° -4.61 32.1 72.6° 0.299 9.60
4.96x10° -4.30 276 58.4° 0.524 14.46
1.01x10* -4.00 23.7 38.9° 0.778 18.44
2.02x10* -3.69 22.2 25.1° 0.906 20.10
4.04x10* -3.39 21.7 14.3° 0.969 21.03
8.08x10* -3.09 215 12.4° 0.977 21.00
1.61x10° -2.79 214 5.7° 0.995 21.29
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Table B-21. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CHP on Polyethylene Substrate

(ap77=0.838, CHP%wt.=4.4%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC [Yia (mN/m) ] cos6 Yiacos6
1.92x10° -5.72 46.1 95.2° -0.091 4.18
3.84x10° -5.42 41.7 90.3° -0.005 -0.22
8.54x10° -5.07 36.4 82.7° 0.127 4.63
1.71x10° 4.77 31.8 73.8° 0.279 8.87
3.44x10° -4.46 27.9 61.6° 0.476 13.27
6.88x10° 4.16 24.1 45.6° 0.700 16.86
1.79x10* -3.75 22.1 23.6° 0.916 20.25
3.58x10* -3.45 21.9 17.9° 0.952 20.84
7.16x10* -3.15 21.7 10.6° 0.983 21.33
1.43x10° -2.84 214 6.5° 0.994 21.26
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Table B-22. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(apL77 = 0.028, C6P%wt=89.3%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia(mN/m) 0 coso Yucoso
2.88x10° 4.54 55.2 94.8° -0.084 -4.62
5.76x10°° -4.24 49.4 94.5° -0.078 -3.88
1.15x10* -3.94 44.8 93.8° -0.066 -2.97
2.30x10* -3.64 38.2 89.6° 0.007 0.27
4.60x10* -3.34 344 81.9° 0.141 4.85
9.20x10* -3.04 29.2 72.4° 0.302 8.83
1.84x10° -2.74 26.2 58.6° 0.521 13.65
3.28x10° -2.48 25.9 47.5° 0.676 17.50
5.36x10° -2.27 25.7 40.2° 0.764 19.63
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Table B-23. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(ap77=0.152, C6P%wt=57.4%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cM) LogC |yia(mN/m) 0 coso Yuacosd
1.01x10° -5.00 50.9 94.0° -0.070 -3.55
2.02x10° -4.69 46.8 92.6° -0.045 -2.12
4.04x10° -4.39 42.5 88.4° 0.028 1.19
8.08x10° -4.09 36.6 80.5° 0.165 6.04
1.62x10* -3.79 31.8 67.9° 0.376 11.96
3.24x10* -3.49 26.2 51.3° 0.625 16.38
6.48x10* -3.19 24.2 34.5° 0.824 19.94
1.30x10° -2.89 23.8 27.6° 0.886 21.09
2.60x10° -2.59 23.8 22.2° 0.926 22.04
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Table B-24. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(ap77 = 0.243, C6P%wt=42.9%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia (mN/m) 0 coso YuacosO
1.08x10°° -4.97 45.8 91.5° -0.026 -1.20
2.16x10° -4.67 41.2 86.1° 0.068 2.80
4.32x10°* -4.36 36.3 79.8° 0.177 6.43
8.64x10°° -4.06 31.8 68.5° 0.367 11.65
1.73x10™* -3.76 27.2 52.4° 0.610 16.60
3.46x10* -3.46 24.6 28.2° 0.881 21.68
6.92x10* -3.16 23.5 20.5° 0.937 22.01
1.38x10° -2.86 23.5 17.2° 0.955 22.45
2.76x10° -2.56 23.4 14.5° 0.968 22.65
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Table B-25. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(arL77=0.417, C6P%wt=25.2%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C(M) LogC |Yia(mN/m) 0 co0s0 Yacos0
3.23x10° -5.49 49.1 93.3° -0.058 -2.83
6.46x10° -5.19 44.8 92.2° -0.038 -1.72
1.29x10° -4.89 40.6 87.8° 0.038 1.56
2.58x10° -4.59 36.5 79.6° 0.181 6.59
5.16x10° 4.29 32.5 69.8° 0.345 11.22
1.03x10* -3.99 28.0 56.4° 0.553 15.49
2.06x10 -3.69 23.2 36.8° 0.801 18.58
4.12x10* -3.39 22.8 23.3° 0.918 20.94
8.24x10* -3.08 238 22.3° 0.925 21.09
1.64x10° -2.79 22.8 20.7° 0.935 21.33
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Table B-26. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of .77 and C6P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(ap77=0.574, C6P%wt=15.2%)

C (M) LogC  |Yia(mN/m) 0 coso Yuacosd
2.85x10° -5.55 47.2 95.6° -0.098 -4.61
5.70x10° -5.24 43.1 90.5° -0.009 -0.38
1.06x10° -4.97 39.3 84.6° 0.094 3.70
2.12x10° 4.67 35.1 76.4° 0.235 8.25
4.24x10° 4.37 30.8 66.2° 0.404 12.43
8.48x10° 4.07 26.5 51.2° 0.627 16.61
1.70x10* -3.77 22.8 27.8° 0.885 20.17
3.41x10* -3.47 22.7 18.1° 0.951 21.58
6.82x10™ -3.17 22.6 13.5° 0.972 21.98
1.36x10° -2.87 22.6 7.4° 0.992 22.41
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Table B-27. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(apL77 = 0.735, C6P%wt=8.0%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |ypa(mN/m) 0 coso YzacosO
3.05x10° -5.52 44.5 92.8° -0.049 -2.17
6.10x10* -5.21 40.2 87.2° 0.049 1.96
1.22x10° 4.91 35.7 80.5° 0.165 5.89
2.44x10° -4.61 31.2 70.2° 0.339 10.57
4.48x10°° 4.35 27.3 59.7° 0.505 13.77
8.96x10°° -4.05 234 42.1° 0.742 17.36
1.80x10* -3.74 225 26.4° 0.896 20.15
3.60x10 -3.44 21.9 18.7° 0.947 20.74
7.20x10* -3.14 21.8 12.4° 0.977 21.29
1.44x10° -2.84 21.8 6.7° 0.993 21.65
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Table B-28. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C6P on Polyethylene Substrate

(077 = 0.868, C6P%wt=4.5%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cC(m) LogC |y.\ (mN/m) 0 coso Yracos0

2.02x10® -5.69 454 93.8° -0.066 -3.01
4.04x10° -5.39 41.1 87.9° 0.037 1.51

8.08x10° -5.09 37.0 82.8° 0.125 4.64
1.62x10°° -4.79 326 74.6° 0.266 8.66

3.24x10° -4.49 284 63.1° 0.452 12.85
6.48x10° -4.19 24.5 45.5° 0.701 17.17
1.30x10° -3.89 22.0 24.7° 0.909 19.99
2.60x10* -3.59 21.8 16.6° 0.958 20.89
5.20x10* -3.28 21.7 11.5° 0.980 21.26
1.04x10° -2.98 21.6 6.4° 0.994 21.47
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Table B-29. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C2,6P on Polyethylene Substrate

(ap77 = 0.025, C2,6P%wt.=91.6%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C(M) LogC |[yp\ (mN/m) 0 coso YacosO
9.20x10° -4.04 49.9 95.2° -0.091 4.52
1.84x10™* -3.74 45.3 94.4° -0.077 -3.48
3.68x10* -3.43 40.6 88.1° 0.033 1.35
7.36x10* -3.13 36.1 79.6° 0.181 6.52
1.47x10° -2.83 315 67.6° 0.381 12.00
2.94x10° -2.53 26.5 50.8° 0.632 16.75
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Table B-30. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C2,6P on Polyethylene Substrate

(in Phosphate Buffer Solution, pH=7.00, 25 °C)

(077 = 0.096, C2,6P%wt.=72.6%)

cm) LogC |y (mN/m) e coso Yiacos0
1.06x10° 4.97 50.6 94.1° -0.071 -3.62
2.12x10°° -4.67 46.2 89.2° 0.014 0.65
4.24x10° -4.37 42.2 82.9° 0.124 5.22
8.48x10° 4.07 37.6 75.2° 0.255 9.60
1.70x10* -3.77 32.9 63.3° 0.449 14.78
3.40x10* -3.47 28.9 49.5° 0.649 18.77
6.80x10" -3.17 24.5 30.2° 0.864 21.17
1.36x10° -2.87 23.8 24.9° 0.907 21.59
2.72x10° -2.57 234 19.1° 0.945 22.11
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Table B-31. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L.77 and C2,6P on Polyethylene Substrate
(a7 = 0.220, C2,6P%wt.=49.9%)
(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia (md/m) 0 coso Yiacos6
1.01x10° | -5.00 47.1 93.8° -0.066 -3.12
2.02x10°* 4.69 42.3 87.1° 0.051 2.14
4.04x10° -4.39 378 79.5° 0.182 6.89
8.08x10° -4.09 33.2 68.2° 0.371 12.33
1.62x10* -3.79 29.2 53.6° 0.593 17.33
3.24x10* -3.49 24.9 39.8° 0.768 19.13
6.48x10™ -3.19 23.4 28.4° 0.880 20.58
1.30x10° -2.89 23.0 18.4° 0.949 21.82
2.60x10° -2.59 227 14.6° 0.968 21.97
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Table B-32. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C2,6P on Polyethylene Substrate
(aL77 =0.381, C2,6P%wt.=31.4%)
(In Phosphate Buffer Solution, pH=7.00, 25 °C)

o | )] LogC |yua(mN/m) 0 cosod Yuacos0
4.42x10° -5.35 47.9 94.6° -0.080 -3.84
8.82x10° -5.05 435 93.5° -0.C61 -2.66
1.76x10° 4.75 39.6 86.5° 0.061 2.42
3.52x10° -4.45 35.1 72.3° 0.304 10.67
7.04x10°° -4.15 30.8 53.6° 0.593 18.28
1.41x10* -3.85 26.6 35.8° 0.811 21.57
2.82x10* -3.55 22.5 21.8° 0.928 20.89
5.64x10* -3.25 22.3 16.2° 0.960 21.41
1.13x10° -2.95 221 8.8° 0.988 21.84
2.26x10° -2.65 22.1 5.9° 0.995 21.98
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Table B-33. Surface Tension, Contagt Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(apL77=0.501, C2,6P%wt.=21.9%)

C (M) LogC |yia (mN/m) 0 coso YacosO
2.81x10°® -5.55 47.6 94.6° -0.080 -3.82
5.62x10° -5.25 43.3 94.3° -0.075 -3.25
1.12x10°% -4.95 39.2 91.2° -0.021 -0.82
2.24x10° -4.65 34.8 81.6° 0.146 5.08
4.48x10° -4.35 30.7 69.5° 0.350 10.75
8.96x10°° -4.05 26.9 52.4° 0.610 16.41
1.81x10* -3.74 23.6 32.3° 0.845 19.95
3.62x10* -3.44 22.3 22.6° 0.923 20.59
7.28x10* -3.14 22.2 18.2° 0.950 21.09
1.46x10* -2.84 22.1 12.4° 0.977 21.58
2.92x10* -2.53 22.0 7.6° 0.991 21.81
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Table B-34. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(a7 = 0.651, C2,6P%wt.=13.1%)

C (M) LogC |[yia (mN/m) 0 coso Yurcos6
2.06x10° -5.69 47.1 95.4° -0.094 -4.43
4.11x10°® -5.39 43.2 93.3° -0.058 -2.49
8.22x10° -5.09 38.6 89.4° 0.010 0.40
1.64x10°° -4.79 35.1 81.5° 0.148 5.19
3.28x10° 4.48 31.1 71.5° 0.317 9.87
6.56x10°° 4.18 26.4 55.2° 0.571 15.07
1.31x10* -3.88 23.3 25.4° 0.903 21.05
2.64x10* -3.58 22.2 22.5° 0.924 20.51
5.28x10 -3.28 21.9 15.6° 0.963 21.09
1.06x10° -2.97 21.8 8.6° 0.989 21.55
2.12x10° -2.67 21.9 7.6° 0.991 21.71
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Table B-35. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C2,6P on Polyethylene Substrate

(aL7 =0.825, C2,6P%wt.=5.6%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |Yia(mN/m) 0 coso Yuacos
1.66x10° -5.78 47.2 95.8° -0.101 4.77
3.32x10° -5.48 42.9 92.1° -0.037 -1.57
6.64x10° -5.18 38.4 86.2° 0.066 2.54
1.33x10° -4.88 34.7 78.1° 0.206 7.16
2.66x10° -4.58 30.5 66.6° 0.397 12.11
5.32x10°° 4.27 258 48.5° 0.663 17.10
1.06x10" -3.97 23.1 30.7° 0.860 19.86
2.12x10 -3.67 21.8 23.5° 0.917 19.99
4.24x10™ -3.37 21.5 18.6° 0.948 20.38
8.48x10 -3.07 21.4 14.8° 0.967 20.69
1.70x10° -2.77 21.3 9.4° 0.987 21.01
3.40x10° -2.47 213 6.6° 0.993 21.16
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Table B-36. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate

(077 =0.085, C8P%wt=75.2%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

CMm) LogC |y, (mN/m) 0 coso Yiacos0
2.58x10° -4.59 53.2 94.3° -0.075 -3.99
5.16x10°° -4.29 47.3 93.8° -0.066 -3.13
1.03x10* -3.99 41.5 90.8° -0.014 -0.58
2.06x10 -3.69 36.2 83.7° 0.110 3.97
4.12x10* -3.39 31.4 72.3° 0.304 9.55
8.24x10* -3.08 26.4 55.7° 0.564 14.88
1.65x10° -2.78 25.2 40.5° 0.760 19.16
3.30x10° -2.48 24.5 36.1° 0.808 19.80
5.16x10° -2.29 24.5 35.4° 0.815 19.97
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Table B-37. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate

(aL77 = 0.222, C8P%wt=49.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

CM) LogC  |yia (mN/m) 0 coso Yurcoso
8.60x10° -5.07 50.4 93.9° -0.068 -3.43
1.72x10°° -4.76 45.2 92.8° -0.049 -2.21
3.44x10°° -4.46 40.3 88.2° 0.031 1.27
6.88x10° -4.16 35.2 78.8° 0.194 6.84
1.62x10™ -3.79 29.6 63.3° 0.449 13.30
3.24x10* -3.49 26.2 45.7° 0.698 18.30
6.48x10" -3.19 24.2 34.1° 0.828 20.04
1.30x10° -2.89 23.8 28.3° 0.880 20.96
2.60x10° -2.59 23.8 23.9° 0.914 21.76
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Table B-38. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate
(ap77 =0.37S, C8P%wt=31.9%)
(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC  |yi.(mN/m) 0 coso Yuacos0
6.92x10* -5.16 44.9 956.5° -0.096 4.30
1.38x10°° -4.86 39.5 92.1° -0.037 -1.45
2.76x10° -4.56 35.1 83.6° 0.111 3.91
5.52x10° 4.26 30.9 72.9° 0.294 9.09
1.10x10* -3.96 26.6 57.5° 0.537 14.29
2.20x10* -3.66 23.9 38.1° 0.787 18.81
4.40x10* -3.36 23.5 20.5° 0.937 22.01
7.94x10* -3.10 23.3 17.2° 0.955 22.26
1.38x10° -2.86 23.3 14.5° 0.968 22.56
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Table B-39. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and CSP on Polyethylene Substrate

(apL77=0.535, C8P%wt=19.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia(mN/m) 0 coso yLacoso
3.84x10°° -5.42 46.1 94.1° -0.071 -3.30
7.68x10° -5.11 41.6 92.8° -0.049 -2.03
1.54x10° -4.81 36.8 85.5° 0.078 2.89
3.08x10°° -4.51 321 76.4° 0.235 7.55
5.86x10°° -4.23 27.6 64.3° 0.434 11.97
9.84x10°° -4.01 25.1 51.6° 0.621 15.59
1.85x10™ -3.73 22.8 32.5° 0.843 19.23
3.70x10* -3.43 22.3 25.4° 0.903 20.14
7.40x10* -3.13 22.2 21.8° 0.928 20.61
1.28x10° -2.89 222 20.1° 0.939 20.85
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Table B-40. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate

(aL77 = 0.660, C8P%wt=12.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cMm) LogC Yia (mN/m) 0 coso Yiacosd
3.04x10¢ -5.52 45.8 96.6° -0.115 -5.26
5.88x10° -5.23 41.5 91.5° -0.026 -1.09
1.18x10°* 4.93 36.9 84.6° 0.094 3.47
2.36x10° 4.63 32.6 76.6° 0.232 7.56
4.72x10° -4.33 28.3 64.4° 0.432 12.23
9.44x10° -4.03 245 47.6° 0.674 16.52
1.87x10™ -3.73 228 27.4° 0.888 20.24
3.78x10* -3.42 219 17.8° 0.952 20.85
7.56x10* -3.12 21.8 14.1° 0.970 21.14
1.51x10° -2.82 21.8 8.6° 0.989 21.55
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Table B-41. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate

(aL77=0.791, C8P%wt=6.9%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cm LogC  |yu\ (mN/m) 0 coso YacosO
2.92x10° -5.53 44.2 94.3° -0.075 -3.31
5.84x10 -5.23 39.9 88.1° 0.033 1.32
1.17x10° -4.93 35.4 80.6° 0.163 5.78
2.34x10° -4.63 31.0 70.5° 0.334 10.35
4.68x10° -4.33 27.0 56.8° 0.548 14.78
9.36x10°S -4.03 23.0 38.9° 0.778 17.90
1.88x10™ -3.73 22.3 25.5° 0.903 20.13
3.76x10* -3.42 21.7 17.8° 0.952 20.66
7.52x10* -3.12 21.7 13.2° 0.974 21.13
1.50x10° -2.82 21.7 7.4° 0.992 21.52
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Table B-42. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C8P on Polyethylene Substrate

(o777 =0.906, C8P%wt=2.8%)

(in Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |y (mN/m) 0 coso Yacos0
1.95x10°® -5.71 45.0 95.2° -0.091 -4.08
3.90x10° -5.41 40.6 89.8° 0.003 0.14
7.80x10°® -5.11 36.6 82.7° 0.127 4.65
1.56x10°° -4.81 32.1 74.4° 0.269 8.63
3.12x10°° -4.51 28.0 62.8° 0.457 12.80
6.24x10° -4.20 24.2 44.6° 0.712 17.23
1.25x10™ -3.90 21.9 22.6° 0.923 20.22
2.50x10* -3.60 21.7 15.4° 0.964 20.92
5.00x10* -3.30 21.6 12.3° 0.977 21.10
1.00x10° -3.00 21.6 7.2° 0.992 21.43
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Table B-43. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C10P on Polyethylene Substrate

(apL77=0.077, C10P%wt=79.4%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yu\ (mN/m) 0 coso YacosO
1.61x10°° 4.79 50.3 95.7° -0.099 -5.00
2.42x10°° -4.62 46.8 93.1° -0.054 -2.53
3.62x10° -4.44 42.9 89.0° 0.017 0.75
5.43x10°° -4.27 39.5 83.1° 0.120 4.75
8.15x10° -4.09 35.8 75.8° 0.245 8.78
1.22x10™ -3.91 324 67.1° 0.389 12.61
1.83x10* -3.74 28.8 57.5° 0.537 15.47
3.20x10* -3.49 25.7 52.2° 0.613 15.75
4.80x10* -3.32 25.5 51.2° 0.627 15.98
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Table B-44. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(aL77 = 0.186, C10P%wt=58.4%)

Cc (M) LogC [y (mN/m) 0 coso yacosO
6.60x10° -5.18 49.7 96.7° -0.117 -5.80
1.18x10° -4.93 45.2 96.2° -0.108 -4.88
1.98x10° -4.70 41.0 90.5° -0.009 -0.36
3.34x10° -4.48 36.8 84.4° 0.098 3.59
5.12x10°° -4.29 33.3 76.2° 0.239 7.94
9.00x10°° -4.05 28.6 64.3° 0.434 12.40
1.66x10" -3.78 25.2 50.4° 0.637 16.06
3.30x10* -3.48 24.2 44.5° 0.713 17.26
6.31x10* -3.20 24.2 43.6° 0.724 17.52
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Table B-45. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L.77 and C10P on Polyethylene Substrate

(aL77=0.307, C10P%wt=42.0%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

cm LogC |y (mN/m) 0 coso Yacos0
7.13x10°% -5.15 45.7 96.5° -0.113 -5.17
1.43x10°° -4.84 40.6 80.2° -0.003 -0.14
2.86x10° -4.54 35.3 81.4° 0.150 5.28
5.72x10Q° -4.24 30.6 69.3° 0.353 10.82
1.14x10* -3.94 26.2 55.5° 0.566 14.84
1.88x10* -3.73 23.6 40.2° 0.764 18.03
3.46x10* -3.46 23.5 37.5° 0.793 18.64
5.72x10* -3.24 234 37.3° 0.795 18.61
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Table B-46. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C10P on Polyethylene Substrate

(Ay77 = 0.435, C10P%wt=29.5%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |yia(mN/m) 0 coso Yiacos0
4.01x10°® -5.40 46.6 96.2° -0.108 -5.03
8.02x10® -5.10 41.9 93.3° -0.058 -2.41
1.60x10° -4.80 37.0 85.4° 0.080 2.97
3.20x10°° -4.49 323 75.6° 0.249 8.03
6.40x10°* 4.19 27.6 61.8° 0.473 13.04
1.08x10* -3.97 24.1 48.7° 0.660 15.91
2.00x10* -3.70 23.1 35.4° 0.815 18.83
3.00x10™* -3.52 23.0 34.1° 0.828 19.05
4.00x10* -3.40 22.9 32.8° 0.841 19.25
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Table B-47. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(77 = 0.575, C10P%wt=19.2%)

cm LogC |yi\ (mN/m) 0 coso Yuacoso
3.12x10°® -5.51 46.1 96.8° -0.118 -5.46
6.24x10° | -5.20 41.7 91.8° -0.031 -1.31
1.25x10° -4.90 37.2 84.7° 0.092 3.44
2.50x10° -4.60 32.8 75.6° 0.249 8.16
5.00x10°° -4.30 28.5 63.2° 0.451 12.85
8.00x10°* -4.10 25.7 52.8° 0.605 15.54
1.60x10* -3.80 23.3 34.5° 0.824 19.20
3.20x10* -3.49 22.8 30.8° 0.859 19.58
6.40x10* -3.19 22.7 29.5° 0.870 19.76
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Table B-48. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L77 and C10P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

(aL77=0.707, C10P%wt=11.8%)

C(M) LogC |ypa(mN/m) 0 coso Yucoso
3.02x10° -5.52 44.2 95.6° -0.098 -4.31
6.04x10*¢ -5.22 39.8 89.7° 0.005 0.21
1.21x10° -4.92 35.5 82.3° 0.134 4.76
2.42x10° -4.62 31.1 72.5° 0.301 9.35
4.84x10° 4.32 27.2 60.7° 0.489 13.31
9.68x10° 4.01 23.0 40.8° 0.757 17.41
1.94x10* -3.71 223 27.6° 0.886 19.76
3.88x10 -3.41 225 25.5° 0.903 20.31
7.76x10™ -3.11 22.4 24.2° 0.912 20.43
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Table B-49. Surface Tension, Contact Angle and Adhesion Tension of
Mixtures of L.77 and C10P on Polyethylene Substrate

(aL77 = 0.867, C10P%wt=4.7%)

(In Phosphate Buffer Solution, pH=7.00, 25 °C)

C (M) LogC |y (mN/m) 0 coso Yraco80
2.12x10° -5.67 448 95.4° -0.094 -4.22
4.24x10° -5.37 40.4 90.5° -0.009 -0.35
8.48x10* -5.07 36.3 83.4° 0.115 4.17
1.70x10° -4.77 31.8 74.8° 0.262 8.34
3.40x10° -4.47 27.8 62.4° 0.463 12.88
6.80x10° 4.17 24.1 45.7° 0.698 16.83
1.20x10* -3.92 21.9 24.4° 0.911 19.94
2.40x10 -3.62 21.9 20.7° 0.935 20.49
4.80x10* -3.32 21.9 18.5° 0.948 20.77
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Table B-50. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.034
Specific area of the polyethylene power, $=0.360 m*/g

Ci. Total C L77 Cini. CAP Powder Cea L77 Ads. LT7
(M) (M) (M) (@) () (molicm?)
5.00x10° | 1.70x10° | 4.83x10°° 0.4985 6.50x10° | 3.60x10™"
1.00x10* | 3.40x10° | 9.66x10°° 0.5126 2.25x10”7 | 6.90x10"
1.75x10* | 5.95x10° | 1.69x10™ 0.5012 1.25x10° | 1.04x107"°
250x10* | 850x10° | 2.42x10* 0.4998 3.33x10° | 1.15x107"
4.00x10* | 1.36x10° | 3.86x10™* 0.5146 7.48x10° | 1.32x107%
7.50x10* | 2.55x10°% | 7.25x10™* 0.5004 1.84x10° | 1.59x107"°
1.00x10°* | 3.40x10° | 9.66x10™* 0.4895 2.62x10° | 1.78x107"°
1.50x10° | 5.10x10° | 1.45x107° 0.5205 4.18x10° | 1.96x10°"
2.00x10° | 6.80x10° | 1.93x107 0.5007 5.82x10° | 2.18x107"
Cu CAP | Ads.C4P | C,o Total | Ads.Total | Qi r(eq) | Xur(ea.)
™) (mol/icm’) M) (molicm®) (bulk soin.) | (ads. layer)
4.62x10° | 460x10"" | 4.63x10° | 8.20x10°™" 0.001 0.440
9.42x10° | 5.30x10™" | 9.44x10° | 1.22x10°™"° 0.002 0.566
1.66x10™* | 6.90x10"" | 1.67x10* | 1.73x10™" 0.007 0.603
2.38x10* | 7.60x10°"" | 2.41x10* | 1.91x10°" 0.014 0.603
3.83x10* | 840x10"" | 3.90x10* | 2.16x10°"° 0.019 0.613
7.21x10* | 8.50x10"" | 7.39x10* | 2.43x107" 0.025 0.653
9.62x10™* | 8.60x10°" | 9.88x10™* | 2.63x10' 0.026 0.675
1.44x10° | 8.70x10"" | 1.49x10° | 2.83x107"° 0.028 0.694
1.93x10° | 8.80x10™"" | 1.99x10° | 3.06x10°" 0.029 0.712
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Table B-51. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.137
Specific area of the polyethylene power, S=0.360 m*/g

Cini. Total Cn. L77 Ci. CAP Powder Coa L77 Ads. L77
(M) (M) (M) (@) (M) (moliem?®)
2.00x10° | 2.74x10° | 1.73x10°° 0.5012 8.30x10”7 | 4.20x10°"
5.00x10° | 6.85x10° | 4.32x10°° 0.5223 3.50x10° | 7.10x10°"
7.50x10° | 1.03x10° | 6.47x10°° 0.4986 5.58x10° | 1.05x10™"
1.00x10* | 1.37x10° | 8.63x10°° 0.5004 8.05x10° | 1.25x107"°
1.50x10* | 2.06x10° | 1.29x10™* 0.5125 1.28x107° | 1.69x107"°
2.00x10* | 2.74x10° | 1.73x10™* 0.4896 1.91x10° | 1.89x107'°
2.50x10* | 3.43x10° | 2.16x10™* 0.5200 2.43x10° | 2.13x107"°
3.00x10* | 4.11x10° | 2.59x10™* 0.5147 3.02x10° | 2.34x10°"°
3.50x10* | 4.80x10°° | 3.02x10™* 0.4873 3.69x10° | 2.51x107"°
Ce CAP | Ads.C4P | C,o Total | Ads.Total | (i ,(eq) | Xur(eq)
(M) (molicm”) (M) (molem”) | (pulk soin.) | (ads. layer)
1.65x10°° | 1.70x10™"" | 1.73x10° | 5.90x10™" 0.048 0.717
4.21x10° | 2.30x10™" | 4.56x10° | 9.40x107" 0.077 0.761
6.34x10° | 3.10x10™" | 6.89x10° | 1.36x107" 0.081 0.774
8.47x10° | 3.50x10"" | 9.28x10° | 1.60x107"° 0.087 0.782
1.27x10* | 4.80x107"" [ 1.40x10™* | 2.17x10°" 0.091 0.780
1.70x10* | 550x107"" | 1.89x10™* | 2.45x10™"° 0.101 0.775
2.13x10* | 6.50x107"" | 2.37x10™* | 2.78x10°" 0.103 0.765
2.55x10* | 7.60x10°"" | 2.86x10™* | 3.10x107" 0.106 0.757
2.98x10* | 8.40x10™" | 3.35x10* | 3.35x107"° 0.110 0.751
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Table B-52. Adsorption of Mixtures of L77 and C4P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,;7 = 0.243
Specific area of the polyethylene power, $=0.360 m?%/g

Cini. Total Cm. L77 Cin. CAP Powder Ce. L77 Ads. L77
(M) (M) (M) @ (M) (moliem?)
2.00x10°° | 4.86x10° | 1.51x10°° 0.4986 2.60x107 | 1.02x107"°
3.00x10° | 7.29x10° | 2.27x10°° 0.4900 6.15x107 | 1.51x107"°
4.00x10°° | 9.72x10° | 3.03x10°° 0.5014 1.12x10° | 1.91x107"°
5.00x10°° | 1.22x10° | 3.79x10°° 0.5247 1.50x10° | 2.25x107"°
6.00x10°° | 1.46x10° | 4.54x10°° 0.4862 3.23x10° | 2.59x107"°
7.50x10°° | 1.82x10°° | 5.68x10°° 0.4972 5.60x10° | 2.81x107"°
1.00x10* | 2.43x10° | 7.57x10°° 0.5183 1.05x10°° | 2.94x10°"°
2.00x10™* | 4.86x10° | 1.51x10™* 0.5005 3.51x10° | 3.00x10°"°
3.00x10* | 7.29x10% | 2.27x10™* 0.5123 5.90x10° | 3.01x10°"
Ceq.CAP Ads. C4’P Ceq. Total | Ads. Totzal Ol (eq.) X n(eq.)
(M) {mol/em®) (M) (molem®) (bulk soln.) | (ads. layer)
1.17x10°° | 7.70x10°'" | 1.20x107° | 1.79x107'° 0.022 0.571
1.90x10° | 8.40x107" | 1.96x10° | 2.35x107"° 0.031 0.643
2.65x10° | 8.50x10™"" | 2.76x10° | 2.76x107"° 0.041 0.692
3.38x10° | 8.60x10" | 3.53x10° | 3.11x107"° 0.042 0.724
4.16x10° | 8.70x10°"" | 4.49x10° | 3.46x10°"° 0.072 0.749
5.29x10° | 8.80x10™" | 5.85x10° | 3.69x10°"° 0.096 0.764
7.16x10° | 8.90x10°"" | 8.21x10° | 3.83x10°" 0.128 0.772
1.47x10* | 9.00x10' | 1.82x10* | 3.90x10°" 0.193 0.767
2.23x10* | 9.10x10"" | 2.82x10* | 3.92x107'° 0.209 0.768
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Table B-53. Adsorption of Mixtures of L77 and C4P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a 77 = 0.353
Specific area of the polyethylene power, S=0.360 m?/g

Cini. Total Cm L77 Cin. C4P Powder Coeq L77 Ads. L77
(M) (M) (M) @ (M) (moliem’)
1.20x10°5 | 4.24x10° | 7.76x10°¢ 0.5124 1.40x107 | 8.90x10°"
2.40x10° | 8.50x10° | 1.55x10°* 0.5006 4.00x107 | 1.80x107"°
3.00x10° | 1.06x10° | 1.94x10°° 0.4995 9.00x10”7 | 2.16x10°%
4.00x10° | 1.41x10° | 2.59x10°° 0.5007 2.50x10°° | 2.59x10°"°
5.00x10° | 1.77x10° | 3.23x10°* 0.5101 5.20x10°° | 2.71x10°"°
7.50x10° | 2.65x10° | 4.85x107° 0.5007 1.38x10° | 2.82x10°"
1.00x10* | 3.53x10° | 6.47x10°° 0.4925 2.27x10° | 2.84x107"°
1.50x10* | 5.30x10° | 9.70x10°* 0.4987 4.01x10° | 2.87x107"
2.00x10* | 7.10x10° | 1.29x10°* 0.5114 5.74x10° | 2.87x107"°
Ceq.CAP Ads. CJzP Ceq Total | Ads. Tot;-l Olurr(eq.) X7 (eq.)
M) (mol/cm®) (W) (molem®) (bulk soin.) | (ads.layer)
5.46x10° | 5.00x10™" | 560x10° | 1.39x10" 0.024 0.640
1.30x10° | 5.70x10"" | 1.34x10° | 2.37x10™ 0.028 0.759
1.67x10° | 6.00x10"" | 1.76x105 | 2.76x107'° 0.051 0.782
2.30x10° | 6.30x10™"" | 2.55x10° | 3.22x107° 0.097 0.803
2.93x10° | 6.80x10°"" | 3.45x10° | 3.38x10°" 0.152 0.800
4.53x10° | 7.20x10"" | 5.91x10° | 3.53x10°" 0.233 0.797
6.14x10° | 7.60x107"" | 8.41x10° | 3.59x10°" 0.270 0.790
9.36x10° | 7.70x10™" | 1.34x10™* | 3.65x10°"° 0.300 0.788
1.26x10* | 8.00x10™"" | 1.83x10* | 3.68x107" 0.313 0.781
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Table B-54. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.503
Specific area of the polyethylene power, S=0.360 m%/g

Cini. Total Cini. L77 Cmi CAP Powder Ceq. L77 Ads. L77
(M) (M) (M) @ (M) (molicm?)
1.00x10°° | 5.03x10° | 4.97x10°° 0.5006 5.80x107 | 9.90x10°"
1.50x10°° | 7.55x10° | 7.45x10° 0.4987 9.45x107 | 1.47x107"
2.00x10° | 1.01x10° | 9.90x10°® 0.5142 1.44x10° | 1.86x107"
2.50x10°5 | 1.26x10° | 1.24x10°° 0.5000 2.43x10° | 2.25x107"
5.00x10°% | 2.52x10° | 2.48x10°° 0.5045 1.29x10° [ 2.71x107"°
7.50x10°% | 3.77x10° | 3.73x10° 0.4975 2.51x10° | 2.83x107"°
1.00x10* | 5.03x10° | 4.97x10°° 0.5125 3.73x10° | 2.81x10™"°
1.50x10* | 7.55x10% | 7.45x10°5 0.5004 6.28x10° | 2.85x107"°
2.00x10™* | 1.01x10* | 9.90x10°° 0.5015 8.76x10° | 2.87x10°"
CwuCAP | Ads.CAP | C, Total | Ads.Total | (,,(eq) | Xir(eq.)
(M) (molicm’) (M) (molem’) | (buik soin.) | (ads. layer)
4.52x10° | 1.00x10™"" | 5.10x10° | 1.09x10°*° 0.114 0.807
6.78x10° | 1.50x10™"' | 7.73x10° | 1.62x107"° 0.122 0.907
9.07x10™® | 1.90x10" | 1.05x10° | 2.05x107"° 0.137 0.908
1.15x10° | 2.10x10™" | 1.39x10° | 2.46x107"° 0.174 0.916
2.38x10° | 2.40x10™"' | 3.66x10° | 2.95x107" 0.351 0.920
3.61x10° | 2.70x10™" | 6.11x10° | 3.10x107"° 0.410 0.912
4.82x10° | 3.30x10"" | 8.55x10° | 3.14x10°"° 0.437 0.895
7.29x10° | 3.60x107"" | 1.36x10* | 3.21x107"° 0.462 0.888
9.74x10° | 3.90x10" | 1.85x10* | 3.26x107" 0.473 0.879
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Table B-55. Adsorption of Mixtures of L77 and C4P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o ;» = 0.634
Specific area of the polyethylene power, S=0.360 m%g

Cin Total Cim.L77 Cin. CAP Powder Cea L77 Ads. L77
(M) (M) (M) @ (M) (molicm’)
1.00x10° | 6.34x10° | 3.66x10°° 0.4985 1.74x10° | 1.03x107"°
2.00x10° | 1.27x10° | 7.33x10°® 0.5016 4.08x10° | 1.91x107"
3.00x10° | 1.90x10°° | 1.10x10°° 0.5203 8.00x10° | 2.35x107"°
4.00x10° | 254x10° | 1.46x10°° 0.5113 1.36x10° | 2.56x10°"
5.00x10° | 3.17x10° | 1.83x10° 0.5007 1.98x107° | 2.65x107"°
7.50x10° | 4.75x10°° | 2.75x10°* 0.4983 3.51x10°° | 2.78x10°"
1.00x10* | 6.34x10° | 3.66x10°° 0.4975 5.09x10° | 2.80x107"°
1.50x10* | 9.51x10° | 5.49x10 0.5064 8.22x10° | 2.83x10™"
2.00x10* | 1.27x10* | 7.30x10°° 0.5047 1.14x10* [ 2.84x10™"
Cw CAP | Ads.C4P | C, Total | Ads.Total | q,,,(eq) | Xurr(eq.)
(™) (mol/em®) M) (mollem’) | (hyik soin.) | (ads. layer)
3.41x10° | 6.00x107'% | 5.15x10° | 1.08x10°" 0.338 0.948
7.00x10° | 7.00x107"2 | 1.11x10° | 1.98x107" 0.368 0.964
1.06x10° | 8.00x107'* | 1.86x10° [ 2.43x10™" 0.430 0.967
1.42x10° | 1.00x10"" | 2.78x10° | 2.66x107"° 0.489 0.963
1.78x10"° | 1.10x10" | 3.76x10° | 2.76x10" 0.526 0.962
2.69x10° | 1.20x10™"" [ 6.20x10° | 2.92x107"° 0.566 0.960
3.60x10° | 1.30x10" [ 8.69x10° | 2.96x107"° 0.585 0.956
5.43x10° | 1.40x107"" | 1.36x10* | 2.98x10™" 0.602 0.954
7.26x10° | 1.40x10™'" | 1.86x10* | 2.98x10°" 0.611 0.953
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Table B-56. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.819
Specific area of the polyethylene power, S=0.360 m?/g

Cini. Total Cn L77 Ci. C4P Powder Cea L77 Ads. L77
(M) (M) (M) Q) (M) (molcm?’)
7.50x10° | 6.14x10°% | 1.36x10° 0.5102 2.25x10° | 8.40x107"
1.00x10° | 8.19x10® | 1.81x10°° 0.5006 3.09x10° | 1.13x10°"
1.50x10"° | 1.23x10% | 2.70x10°° 0.4974 4.74x10° | 1.68x107"
3.00x10° | 2.46x10° | 5.40x10° 0.4995 1.43x10° | 2.28x107"°
5.00x10° | 4.10x105 | 9.00x10°® 0.5100 2.90x10° | 2.60x107"
7.50x10° | 6.14x10°5 | 1.36x10° 0.5005 4.93x10° | 2.69x10°"
1.00x10* | 8.19x10°° | 1.81x10°% 0.5112 6.95x10° | 2.70x107"°
1.25x10* | 1.02x10™* | 2.30x10°° 0.4987 9.01x10° | 2.70x10°"
1.50x10* | 1.23x10* | 2.70x10°° 0.5061 1.10x10™* | 2.74x107"°
it | sl | i | e’ | g | ol

(bulk soin.) - layer)
1.20x10° | 4.00x10°™ | 3.45x10° | 8.80x10™" 0.654 0.960
1.57x10° | 5.00x10°" | 4.66x10°* | 1.18x107" 0.663 0.955
2.42x10° | 500x10°" | 7.16x10° | 1.73x10°"° 0.662 0.963
5.12x10° | 6.00x10™™ | 1.94x10° | 2.34x10'° 0.736 0.971
8.73x10° | 6.00x10™ | 3.77x10° | 2.66x10°"° 0.769 0.974
1.32x10° | 7.00x10°™ | 6.26x10° | 2.76x10°"° 0.788 0.973
1.78x107° | 7.00x10°™ | 8.72x10° | 2.77x10°"° 0.796 0.973
2.23x10° | 8.00x10°%2 | 1.12x10* | 2.78x10°" 0.802 0.972
2.68x10° | 8.00x10°™ | 1.37x10* | 2.82x10™" 0.805 0.972
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Table B-57. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;> = 0.067
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cin. L77 Cin. CHP Powder Co. L77 Ads. L77
(M) (M) (M) (@) (M) (molicm?)
2.50x10°5 [ 1.70x10°® | 2.33x10°° 0.5102 3.40x107 | 2.80x10°"
5.00x10° | 3.30x10°® | 4.67x10°° 0.5008 7.50x107 | 5.80x10™"
7.50x10° | 5.00x10°® | 7.00x10°° 0.4975 1.38x10° | 8.20x107""
1.00x10™* | 6.70x10°® | 9.33x10°° 0.5113 1.78x10° | 1.07x107"
1.25x10™* | 8.30x10°® | 1.17x10™* 0.5006 2.25x10° [ 1.36x107"
2.50x10* | 1.70x10°% | 2.33x10™* 0.5012 9.10x10° | 1.70x107*°
5.00x10* | 3.30x10° | 4.67x10* 0.4984 2.49x10° [ 1.91x10™"
7.50x10* | 5.00x10% | 7.00x10* 0.5022 4.11x10° | 2.04x107"°
1.00x10° | 6.70x10°5 | 9.33x10* 0.5117 5.74x10° [ 2.08x10°'°
Ceq. CHP Ads. CH?P Ceq Total | Ads. Tot:al Ol (eq.) X7 (eq.)
(M) (molem®) ™) (moliem’) | (puik soin.) | (ads.layer)
2.15x10° | 4.10x10"" | 2.18x10° | 6.90x10™" 0.016 0.416
4.41x10° | 570x107*" | 4.49x10° | 1.15x10°" 0.017 0.505
6.69x10° | 6.90x10"' | 6.83x10° | 1.51x107"° 0.020 0.541
8.99x10° | 7.50x10™"" | 9.16x105 | 1.82x10" 0.019 0.588
1.13x10* | 7.90x10™"" | 1.15x10™* | 2.15x107"° 0.020 0.633
2.29x10™* | 9.00x10"" [ 2.38x10* | 2.60x10°" 0.038 0.654
4.62x10™* | 1.03x107" | 4.87x10* | 2.94x107° 0.051 0.650
6.95x10* | 1.08x107™ | 7.36x10* | 3.12x107"° 0.056 0.654
9.28x10* [ 1.15x10™ | 9.85x10* | 3.23x10°™ 0.058 0.645
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Table B-58. Adsorption of Mixtures of L77 and CHP

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;» =0.136
Specific area of the polyethylene power, S=0.360 m?/g

Cini. Total Cnt. L77 Cw.CHP Powder Cea. L77 Ads. L77
W) (M) (M) (@ (M) (moliem?)
1.25<10° | 1.70x10° | 1.08x10° 0.4876 2.95x107 | 3.20x107"
2.50x10°° | 3.40x10° | 2.16x10°° 0.4994 7.00x107 | 6.00x10™"
5.00x10°° | 6.80x10° | 4.32x10°° 0.5105 1.65x10° | 1.12x107"°
7.50x10°5 | 1.02x10° | 6.48x10~° 0.5003 2.60x10° | 1.69x107"°
1.00x10™* | 1.36x10° | 8.64x107° 0.5102 4.00x10° [ 2.09x107"
2.00x10* | 2.72x10°5 | 1.73x10* 0.5134 1.56x10° | 2.52x107"°
3.00x10* | 4.08x10° | 2.59x10™* 0.5008 2.90x10°° | 2.62x107"°
4.00x10™* | 544x10° | 3.46x10™* 0.4938 4.24x10° | 2.69x107"°
5.00x10* | 6.80x10° | 4.32x10°* 0.5011 5.58x10° | 2.72x10°'°
CeCHP | Ads.CHP | C,q Total | Ads.Total | (1,,,(eq) | Xur(eq.)
(M) (mol/lcm®) M) (mol/cm®) (bulk soin.) | (ads.layer)
9.54x10° | 2.90x10™" | 9.84x10° | 0.61x10°" 0.030 0.527
1.97x10° | 4.30x107"" | 2.04x10° | 1.03x10"° 0.034 0.584
4.03x10° | 6.40x10"" | 4.20x10° | 1.76x107"° 0.039 0.638
6.15x105 | 7.40x10™" | 6.41x10° | 2.43x10°" 0.041 0.694
8.29x10° | 7.70x10"" | 8.69x10° | 2.86x10™™ 0.046 0.730
1.69x10* | 8.20x10™" | 1.85x10™* | 3.34x107"° 0.084 0.755
2.55x10* | 8.60x10"" | 2.84x10* | 3.48x107'° 0.102 0.753
3.42x10* | 9.10x10™"" | 3.84x10* | 3.61x10°" 0.110 0.747
4.28x10* | 9.50x10" | 4.84x10* | 3.67x10" 0.115 0.741
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Table B-59. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,,7 = 0.285
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cni L77 Cii.CHP Powder Ceq L77 Ads. L77
(M) (M) (M) (@) (M) (molem’)
5.00x10° | 1.43x10° | 3.57x10°¢ 0.5002 1.85x107 | 2.80x10™"
1.00x10"° | 2.85x10° | 7.15x10°° 0.5105 4.25x107 | 5.30x107"
2.50x10°° | 7.10x10° | 1.79x107° 0.4984 1.18x10° | 1.33x10"°
5.00x10°% | 1.43x10° | 3.57x10° 0.5122 2.58x10° [ 2.53x107"
1.00x10™* | 2.85x10° | 7.15x10°° 0.5003 1.59x10° | 2.81x107%
1.50x10* | 4.30x10°° | 1.07x10™* 0.5124 2.94x10° | 2.90x10°%
2.00x10* | 5.70x10° | 1.43x10™* 0.4875 4.39x10° | 3.00x107"°
2.50x10* | 7.10x10° | 1.79x10™* 0.5116 5.71x10° | 3.07x107"°
3.00x10* | 8.55x10° | 2.15x107* 0.5012 7.14x10° | 3.14x107"
Cw.CHP | Ads.CHP | Cy Total | Ads.Total | . (eq) | Xur(eq.)
(M) (molicm’) (M) (moliem’) | (puik soin.) | (ads. layer)
2.34x10° | 2.70x10™" | 2.53x10° | 5.50x107" 0.073 0.501
5.13x10° | 4.40x10™" | 555x10° | 9.70x10™" 0.077 0.545
1.53x10° | 5.70x10" | 1.66x10° | 1.90x107' 0.071 0.700
3.29x10° | 6.20x10"" | 3.55x10° | 3.15x107"° 0.073 0.804
6.85x10° | 6.70x10™"" | 8.43x10° | 3.48x107" 0.188 0.807
1.04x10™* | 7.40x10"" | 1.33x10* | 3.64x10"° 0.220 0.798
1.40x10* | 7.90x10°"" | 1.83x10* | 3.79x107" 0.239 0.791
1.75<10* | 8.50x10™"" | 2.32x10* | 3.92x107" 0.246 0.783
2.11x10* | 8.90x10"' | 2.82x10* | 4.03x107"° 0.253 0.780
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Table B-60. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o, » = 0.438
Specific area of the polyethylene power, S=0.360 m?%/g

Cin. Total Cn L77 Cini. CHP Powder Cea L77 Ads. L77
(M) (M) (M) (9) (M) (mol/cm’)
5.00x10° | 2.19x10° | 2.81x10°° 0.5124 1.63x107 | 4.40x10™"
1.00x10° | 4.38x10° | 5.62x10°° 0.5006 4.55x107 | 8.70x107"
1.50x10° | 6.57x10° | 8.43x10° 0.4989 1.12x10° | 1.21x107"
2.00x10° | 8.80x10°% | 1.12x10° 0.5016 1.84x10° | 1.53x107"°
2.50x10° | 1.10x10°° | 1.40x10° 0.5004 2.55x10° | 1.87x10°"
5.00x10° | 2.19x10% [ 2.81x10°° 0.4997 9.75x10° | 2.70x10°"°
1.00x10* | 4.38x10° | 5.62x10° 0.5016 2.99x10° | 3.08x10°"°
1.75x10* | 7.66x10° | 9.84x10° 0.4986 6.23x10° | 3.21x107"°
250x10* | 1.10x10* | 1.40x10™* 0.5105 9.46x10°° | 3.24x10°"
Coq CHP | Ads.CHP | Cu Total | Ads.Total | (1, (eq) | Xirr(eq.)
(M) (molicm’) (M) (moliem®) | (hyik soin.) | (ads. layer)
2.26x10° [ 1.20x10"" | 2.42x10° | 0.56x10™" 0.067 0.787
4.87x10° | 1.70x10"" | 5.33x10° | 1.04x107% 0.085 0.840
7.31x10° | 2.50x10"" | 8.43x10° | 1.46x107"° 0.133 0.829
9.79x10° | 3.20x10"" | 1.16x10°° | 1.86x10™" 0.158 0.827
1.24x10° | 3.70x107"" | 1.49x105 | 2.24x10™" 0.171 0.834
2.62x10° | 4.20x10" | 3.60x10° | 3.12x107"° 0.271 0.866
5.42x10° | 440x10" | 8.41x10° | 3.52x10°" 0.356 0.874
9.62x10° | 4.90x10"* | 1.58x10™* | 3.70x107" 0.393 0.867
1.38x10* | 5.10x10" | 2.33x10* | 3.75x10°" 0.407 0.864
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Table B-61. Adsorption of Mixtures of L77 and CHP

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a, ;> = 0.602
Specific area of the polyethylene power, $=0.360 m?/g

Ci. Total Cni L77 Ci.CHP Powder Cea L77 Ads. L77
(M) (M) (M) (@) (M) (mol/cm’)
1.25x10° | 7.53x10° | 4.97x10°* 0.4982 9.75x107 | 1.46x107"°
2.50x10° | 1.51x10° | 9.90x10°° 0.5122 4.88x10° | 2.21x107"°
5.00x10° | 3.01x10° | 1.99x10° 0.5004 1.79x10° | 2.71x107°
7.50x10° | 4.52x10° | 2.98x10°° 0.5146 3.20x10° | 2.84x10"
1.00x10* | 6.02x10° | 3.98x10°° 0.4945 4.73x10°° | 2.90x10°"
1.25x10* | 7.53x10°5 | 4.97x10°° 0.4962 6.22x10° | 2.92x107"°
1.50x10* | 9.03x10° [ 597x10° 0.5063 7.69x10° | 2.94x107"
2.00x10™* | 1.20x10™* | 8.00x10°° 0.5002 1.07x10* | 2.98x107"
2.50x10* | 1.51x10* | 9.90x10°° 0.5147 1.37x10* | 2.99x10°"
CwCHP | Ads.CHP | C, Total | Ads.Total | . ,(eq.) | Xirr(eq.)
M) (molcm?) (M) (molicm’) | (pulk soin.) | (ads.layer)
4.67x10° | 7.00x10" | 5.65x10° | 1.53x107'° 0.173 0.956
9.58x10° | 8.00x10'2 | 1.45x10° | 2.29x107"° 0.337 0.964
1.94x10° | 1.10x10™"" | 3.73x10°° | 2.82x107"° 0.480 0.961
2.93x10° | 1.30x10™"' | 6.12x10° | 2.97x107" 0.522 0.956
3.91x10° | 1.60x10™"' | 8.64x10° | 3.06x10°" 0.547 0.949
4.90x10° | 1.70x10™" | 1.11x10™* | 3.09x10°" 0.560 0.944
5.88x10° | 1.90x10™"' | 1.36x10™* | 3.13x107" 0.567 0.939
7.86x10° | 2.20x10™*' | 1.86x10* | 3.20x10°" 0.577 0.931
9.83x10° | 2.50x10"" | 2.35x10* | 3.24x10°* 0.581 0.923
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Table B-62. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 =0.712
Specific area of the polyethylene power, $=0.360 m%g

Cin. Total Cin L77 Cw. CHP Powder Cea L77 Ads. L77
(M) (M) (M) (1) (M) (moliem’)
1.00x10° | 7.12x10° | 2.88x10°° 0.5115 1.75x10° | 1.16x107"°
1.25x10° | 8.90x10° | 3.60x10° 0.5048 2.35x10° | 1.44x10°"°
1.50x10° | 1.07x10° | 4.30x10°° 0.4963 3.11x10° | 1.70x10°*°
2.00x10° | 1.42x10° | 5.80x10°° 0.4853 5.32x10°° | 2.05x10°"°
3.00x10° | 2.14x10° | 8.60x10°° 0.5001 1.06x10° | 2.40x10°%°
5.00x10° | 356x10° | 1.44x10°° 0.5042 2.34x10° | 2.69x10°"°
1.00x10* | 7.12x10°5 | 2.88x10°° 0.5060 5.84x10° | 2.81x10°"
1.50x10* | 1.07x10* | 4.30x10°° 0.5117 9.38x10° | 2.83x107"°
2.00x10* | 1.42x10* | 5.80x10° 0.5054 1.29x10* [ 2.85x10°"°
Ceq. CHP Ads. CH:P Ceq Total | Ads. To?l Q2 (eq.) X.r7(eq.)
(W) (moliem®) (M) (molcm®) (buik soin.) | (ads. layer)
2.76x10° | 3.00x107" | 4.51x10° | 1.19x10°" 0.388 0.977
3.35x10° | 6.00x10°"2 | 570x10° | 1.50x10°" 0.412 0.963
4.05<10° | 6.00x10"™ | 7.16x10° | 1.76x107° 0.434 0.965
5.44x10° | 7.00x10" | 1.08x10° | 2.12x107" 0.494 0.965
8.27x10° | 8.00x10™" | 1.89x10° | 2.48x10°" 0.561 0.966
1.40x10° | 9.00x10" | 3.74x105 | 2.78x10°" 0.626 0.968
2.84x10° | 9.00x10°'? | 8.68x10™° | 2.90x10°" 0.673 0.969
4.28x10° | 1.00x10™" | 1.37x10* | 2.93x10°"° 0.687 0.967
5.71x10° | 1.00x10™"" | 1.86x10* | 2.95x107"° 0.694 0.966
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Table B-63. Adsorption of Mixtures of L77 and CHP

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,;» = 0.850
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cn.L77 Cin. CHP Powder Cea L77 Ads. L77
(M) (M) (M) {g) (M) (molicm’)
1.00x10° | 8.50x10° | 1.50x10°® 0.5018 2.88x10° | 1.25x107"°
1.50x10° | 1.28x10° | 2.20x10°* 0.5104 4.65x10° | 1.76x107"
2.00x10° | 1.70x10°% | 3.00x10°¢ 0.4994 7.55x10°° | 2.10x107"°
3.00x10° | 2.55x10° | 4.50x10° 0.5113 1.45x10° | 2.40x107"
5.00x10° | 4.25x10° | 7.50x10° 0.5107 3.06x10° | 2.59x107"°
7.50x10° | 6.37x10°° | 1.13x10°° 0.4962 5.18x10° | 2.68x107"°
1.00x10* | 8.50x105 | 1.50x10°° 0.5055 7.26x10°° | 2.73x107"°
1.25x10* | 1.06x10™* | 1.90x10°° 0.5024 9.38x10°° | 2.75x10"°
1.50x10* | 1.28x10™* | 2.20x10° 0.5007 1.15x10* | 2.78x10™"
Ceq CHP Ads. Cl-lzP Ceq Total | Ads. Tozul 7 (eq.) X7 (eq.)
M) (molicm’) (M) (moliem’) | (pulk soin.) | (ads.layer)
1.50x10°° 0.00 4.38x10° | 1.25x10°" 0.658 1.000
2.20x10° | 1.10x10°" | 6.85x10° | 1.77x10°" 0.679 0.994
2.93x10° | 1.70x10°"2 | 1.05x10° | 2.12x10°" 0.721 0.992
4.40x10° | 2.20x10™'2 | 1.89x10° | 2.42x10" 0.767 0.991
7.38x10° | 2.70x10'? | 3.80x10° | 2.62x10°" 0.806 0.990
1.11x10° | 3.40x107'2 | 6.29x10° | 2.71x10°" 0.824 0.988
1.48x10° | 3.80x107' | 8.74x10° | 2.76x107" 0.830 0.986
1.86x10° | 4.40x10™"2 | 1.12x10* | 2.80x107" 0.835 0.984
2.23x10° | 500x10™'2 | 1.37x10* | 2.83x107"° 0.838 0.982
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Table B-64. Adsorption of Mixtures of L77 and C6P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a.> = 0.039
Specific area of the polyethylene power, $=0.360 m%/g

Cin. Total

Cin L77 Ci. C6P Powder Ceq L77 Ads. L77
(M) (M) (M) @ (M) (molem?)
1.00x10°° 3.90x107 9.61x10°° 0.5121 1.00x10"° | 8.00x107"
1.60x1075 6.00x1077 1.54x10°° 0.5003 6.15x10° | 1.20x10™"
2.50x1075 1.00x10°® 2.40x10°° 0.5106 1.63x107 | 1.80x10°"
5.00x10°° 1.95x10° 4.81x10°° 0.4945 5.25x107 | 3.20x10°"'
1.00x10™* | 3.90x10° | 9.61x10° 0.5001 5.50x107 | 7.40x10"
2.00x10™ 8.00x10°® 1.92x10™ 0.4965 2.45x10° | 1.20x10°'°
4.00x10™ 1.60x10°° 3.84x10™* 0.5117 8.00x10°° | 1.65x10°"°
6.00x10™* 2.30x10°3 5.77x10™* 0.5078 1.48x10° | 1.89x107"°
8.00x10™* 3.10x10°° 7.69x107* 0.4990 2.18x10° | 2.10x10°"°
Ceq C6P Ads. CeP Ce Total | Ads. Total | 17(eq.) X.7(eq.)
M) {mol/iem®) M) (molem®) (bulk soin.) | (ads. layer)
5.76x10° | 8.40x10™"" | 5.77x10° | 9.20x10" 0.002 0.090
1.06x10° | 1.07x107® | 1.06x10° | 1.19x107"° 0.006 0.105
1.81x10° | 1.29x10" | 1.83x10° | 1.47x107"° 0.009 0.121
414x10°° | 1.49x10™ | 4.19x10° | 1.81x107"° 0.013 0.176
8.93x10° | 1.52x10™" | 8.98x10° | 2.27x10"° 0.006 0.328
1.85x10* | 1.54x10™™ | 1.88x10~* | 2.74x10™" 0.013 0.437
3.77x107* 1.54x107" | 3.85x10* | 3.19x10°" 0.021 0.517
569x10* | 1.61x10™™ | 584x10™* | 3.50x10°"° 0.025 0.539
761x10* | 1.65x107'® | 7.83x10™* | 3.75x107"° 0.028 0.561
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Table B-65. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.172
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cin L77 Cin. C6P Powder Cea L77 Ads. L77
(M) (M) (M) @ (M) (moliem’)
2.50x10° | 4.30x107 | 2.07x10° 0.5007 2.75x10° | 9.00x10™%
5.00x10° | 8.60x107 | 4.14x10°° 0.4956 7.50x10° | 1.80x107"
1.25x10° | 2.10x10°® | 1.04x10°° 0.5124 2.55x107 | 4.10x10™"
2.50x10° | 4.30x10° | 2.07x10°° 0.4963 7.00x107 | 8.10x10™"
5.00x10° | 8.60x10° | 4.14x10°° 0.5050 1.55x10° | 1.55x107"°
7.50x10° | 1.29x10° | 6.21x10°° 0.5003 2.03x10° | 2.42x107"°
1.50x10™* | 2.60x10°° 1.24x107* 0.4985 1.35x10° | 2.74x10°"°
3.00x10* | 5.20x10°5 | 2.48x10™ 0.5046 3.89x10° | 2.79x10™"
5.00x10* | 8.60x10° | 4.14x10™* 0.5107 7.31x10° | 2.82x107"°
Ceq. C6P Ads. csf Ce Total | Ads. Totzal O (eq.) X 77 (eq.)
(M) {mol/icm®) M) (mollem®) (bulk soln.) | (ads.layer)
6.55x107 | 3.10x10"" | 6.83x107 | 4.00x10™" 0.040 0.221
1.93x10° | 5.00x10"" | 2.00x10° | 6.80x107" 0.037 0.262
6.68x10° | 8.00x10" | 6.93x10° | 1.21x10™° 0.037 0.340
1.64x10° | 9.60x10°" | 1.71x10° | 1.77x107" 0.041 0.456
3.68x10° | 1.01x107'® | 3.84x10° | 2.56x107"° 0.040 0.605
5.74 x10° | 1.04x107"® | 594x10° | 3.46x107"° 0.034 0.698
1.19x10* | 1.08x107'® | 1.33x10™* | 3.82x107"° 0.102 0.717
2.43x10* | 1.11x107" | 2.82x10* | 3.90x107™" 0.138 0.715
4.09x10* [ 1.13x10'"® | 4.82x10* | 3.95x10°" 0.152 0.713
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Table B-66. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a 77 = 0.269
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cinm.L77 Cin. C6P Powder Ceq L77 Ads. L7;I
(M) (M) (M) (g) (M) (molicm?)
5.00x10°® 1.35x10°® 3.65x10°° 0.4992 4.50x10° | 2.90x107"
1.00x10°° 2.69x10°° 7.31x10°° 0.4985 1.14x107 | 570x10°"
1.50x10° | 4.00x10°® 1.10x10°% 0.5042 2.10x10”7 | 8.40x107"
2.50x10° | 6.70x10° | 183 x10°° 0.5107 3.75x107 | 1.38x10°"°
5.00x107° 1.35x10°° 3.65x10°° 0.5004 2.15x10°° | 2.51x10°"
1.00x10™* | 2.69x10°° 7.31x10°% 0.4946 1.33x10°° | 3.06x10°"°
2.00x10™* 5.40x10°° 1.46x107* 0.5085 3.89x10° | 3.26x10°"°
3.00x10* | 8.10x105 2.19x10™* 0.5134 6.53x10° | 3.33x107"°
4.00<10* | 1.08x10* | 2.92x10°* 0.5008 9.24x10°5 | 3.37x107"
Ceq. C6P Ads. csp Ce. Total | Ads. Totzal Clurr(eq.) X, (eq.)
(M) (molicm®) (M) (mol/cm®) (bulk soin.) | (ads. layer)
1.29x10° | 5.30x10°*" 1.32x10° | 8.20x10™" 0.034 0.354
4.19x10° | 7.00x10°"" | 4.30x10° | 1.27x107"° 0.027 0.452
7.39x10° | 7.90x10™*' | 7.60x10° | 1.63x10™" 0.028 0.517
1.45x10° | 8.20x10°" 1.49x10° | 2.20x107"° 0.025 0.627
3.28x10° | 8.40x10"" | 3.49x10°° | 3.35x107"° 0.062 0.748
6.92x10° | 8.70x10*' | 825x10° | 3.93x107" 0.161 0.779
1.42x10™* | 8.50x10°" 1.81x10* | 4.11x107"° 0.215 0.793
2.15x10™* | 8.50x10™"" 2.81x10™* | 4.18x10™"° 0.233 0.796
2.88x10* | 8.80x10™ 3.81x10* | 4.25x107" 0.243 0.793
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Table B-67. Adsorption of Mixtures of L77 and C6P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.441
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cini L77 Cin. C6P Powder Cea L77 Ads. L77
(M) (M) (M) (@ (M) (molicm’)
5.00x10° | 2.20x10° | 2.80x10° 0.4895 6.25x10° | 4.90x10™"
1.00x10° | 4.41x10° | 5.59x10°° 0.5120 2.60x107 | 9.00x10™"
2.00x10° | 8.82x10° | 1.12x10°° 0.5202 7.20x107 | 1.73x10°"°
3.00x10° | 1.32x10° 1.68x10°° 0.4975 3.16x10° | 2.25x107"
4.00x10° | 1.76x10° | 2.24x10°* 0.5107 6.09x10° | 2.51x107"°
8.00x10"° | 3.53x10°° | 4.47x10°° 0.5003 2.29x10° | 2.74x107"°
1.50x10* | 6.61x10° | 8.39x10°° 0.5114 5.27x10° | 2.93x107"
2.25x10* | 9.90x10°° 1.26x107* 0.4967 8.56x10° | 3.05x107"
3.00x10* | 1.32x10™* 1.68x10™* 0.5005 1.18x10* | 3.17x107"°
Cea. C6P Ads. CS}P Ceq Total | Ads. Totzal Q17 (eq.) X.7(eq.)
(M) (mol/cm®) (M) (moliem®) | (bulk soin.) | (ads. layer)
2.00x10° | 1.80x10"* | 2.06x10° | 6.70x107" 0.030 0.730
4.28x10° | 2.80x10°"" | 4.54x10° | 1.19x10" 0.057 0.760
9.64x10° | 3.30x107"* | 1.04x10° | 2.06x107" 0.070 0.840
1.50x10° | 4.00x10"* | 1.81x10° | 2.65x107"° 0.174 0.849
2.03x10° | 4.40x10"" | 2.64x10° | 2.96x107"° 0.231 0.850
4.25x10° | 5.00x107** | 6.54x10° | 3.24x107"° 0.351 0.847
8.15x10° | 5.00x10°"" | 1.34x10* | 3.44x107'° 0.392 0.854
1.23x10* | 550x10'* | 2.09x10* | 3.60x10°" 0.410 0.848
1.65x10* | 540x10°* | 2.83x10* | 3.72x10°" 0.417 0.854
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Table B-68. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.595
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cii. L77 Cin C6P Powder Coa L77 Ads. L77
(M) (M) (M) Q) (M) (molicm®)
5.00x10° | 2.97x10° | 2.03x10* 0.5122 4.25x107 | 5.50x10™"
1.00x10° | 5.95x10° | 4.05x10°° 0.5034 9.25x107 | 1.11x107"°
1.50x10° | 8.92x10° | 6.08x10° 0.4954 1.58x10° | 1.65x10°'°
2.00x10° | 1.19x10°° | 8.10x10°° 0.4967 3.08x10° | 1.97x10°"°
4.00x10°° | 2.38x10° | 1.62x10°° 0.5002 1.23x107° | 2.57x107"°
7.00x10° | 4.16x10°° | 2.84x10°° 0.4981 2.93x10° | 2.75x10°"°
1.00x10* | 5.95x10° | 4.05x10°° 0.5164 4.64x10° | 2.83x10°"
1.75x10™* | 1.04x10™* | 7.10x10° 0.5124 9.07x10° | 2.91x107"°
2.50x10* | 1.49x10™* | 1.01x107* 0.5202 1.35x10* | 2.96x10°"°
Ceq.C6P | Ads.C6P | C, Total | Ads.Total | Qi (eq) | Xur(eq.)
(M) (mol/em®) (M) (mollem®) (bulk soin.) | (ads.layer)
1.63x10° | 9.00x107'* | 2.06x10° | 6.40x10™" 0.207 0.867
3.24x10° | 1.80x10™" | 4.17x10° | 1.29x10°"° 0.222 0.862
5.18x10° | 2.00x10"" | 6.76x10° | 1.85x10°"° 0.233 0.892
7.16x10° | 2.10x10" | 1.02x10°° | 2.18x10°"° 0.300 0.904
1.52x10° | 2.20x10°"" | 2.75x10° | 2.78x107"° 0.446 0.922
2.73x10° | 2.40x107" | 566x10° | 2.99x107"° 0.518 0.921
3.94x10° | 2.40x10"" | 8.57x10° | 3.07x10°"° 0.541 0.921
6.97x10° | 2.60x10" | 1.60x10™* | 3.17x107"° 0.566 0.917
1.00x10* | 2.70x107" | 2.35x10™* | 3.23x10°"° 0.574 0.916

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




267

Table B-69. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o ;7 = 0.751
Specific area of the polyethylene power, S=0.360 m?/g

Ci. Total Cn L77 Cin. C6P Powder Ceq L77 Ads. L77
2
(M) M) (M) @ (M) (molicm?)
5.00x107® 3.75x10°° 1.25x10°° 0.5042 1.18x10° | 5.70x10™"
1.00x107° 7.51x10°® 2.49x10°° 0.4987 1.99x10°% | 1.23x10"
1.50x10°° 1.13x10°3 3.70x10° 0.5007 3.59x10° | 1.70x10"°
3.00x10°° 2.25x10°° 7.50x107® 0.4965 1.21x10° | 2.33x107"°
4.00x10°° | 3.00x10°% 1.00x10°% 0.5101 1.85x10° | 2.52x107"°
7.00x107°% 5.26x10°° 1.74x10°° 0.5020 4.02x10° | 2.73x107"°
1.20x10™* 9.01x10°% 2.99x10°° 0.5124 7.72x10°° | 2.81x107"°
1.50x10™* 1.13x10™* 3.70x107° 0.4954 1.00x10™* | 2.82x107"°
2.00x10* 1.50x10™* 5.00x10°% 0.5113 1.37x10* | 2.85x10°"°
Ceq. C6P Ads. csr Ceq Total | Ads. Tot:al Olurr(eq.) X 77(eq.)
(M) (moliem®) M) (molem’) | (pulk soin.) | (ads.layer)
9.90x1077 | 6.00x107'2 | 2.17x10° | 6.20x10™"' 0.544 0.910
2.21x10° | 6.00x10"2 | 4.20x10° | 1.29x10°"° 0.473 0.952
3.45<10° | 7.00x10°'2 | 7.04x10° | 1.77x107" 0.510 0.964
7.17x10° | 7.00x10°"2 | 1.93x10"° | 2.40x10°*° 0.629 0.972
9.63x10° | 7.00x107'2 | 2.81x10° | 2.59x10°"° 0.658 0.972
1.71x10° | 8.00x10°"2 | 573x10° | 2.81x10°" 0.702 0.972
2.95x10° | 8.00x10°'2 | 1.07x10™* | 2.89x10" 0.723 0.971
3.70x10° | 9.00x10"2 | 1.37x10* | 2.91x10™" 0.730 0.969
494x10° | 9.00x10°™ | 1.86x10* | 2.94x107" 0.735 0.970
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Table B-70. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;> = 0.877
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cnt L77 Cini. C6P Powder Ce L77 Ads. L77
(M) (M) M) (@ (M) (molem?)
2.50x10° | 2.19x10° | 3.10x107 0.5104 8.38x107 | 2.90x107"
5.00x10° | 4.39x10° | 6.10x10” 0.5025 1.76x10° | 5.80x10™"
1.00x10° | 8.77x10° | 1.23x10°° 0.5042 3.47x10° | 1.17x107"
2.00x10° | 1.75x10°5 | 2.50x10° 0.4946 8.47x10° | 2.04x10"°
4.00x10° | 3.51x10° | 4.90x10°° 0.5057 2.35x10° | 2.53x107"°
6.00x10°° | 5.26x10% | 7.40x10°° 0.5010 4.05x10° | 2.68x10"°
8.00x10° | 7.02x10° [ 9.80x10°® 0.4895 5.81x10° | 2.74x10™"
1.20x10* | 1.05x10* | 1.50x10°° 0.4974 9.28x10° | 2.78x10°"
1.60x10* | 1.40x10* | 2.00x10°° 0.5019 1.28x10* | 2.80x107"
Ceq.C6P Ads.C6P | C,, Total | Ads.Total | (5, (eq) | Xiun(eq.)
(M) (molcm®) (M) (mol/em®) (bulk soin.) | (ads.layer)
2.23x107 | 2.00x10'2 | 1.06x10° | 3.10x10™" 0.790 0.941
5.00x107 | 3.00x10" | 2.26x10° | 6.10x10™" 0.779 0.958
1.10x10° | 3.00x10" | 4.57x10° | 1.20x10'° 0.760 0.976
2.32x10° | 3.00x10'2 | 1.08x10° | 2.07x107" 0.785 0.984
4.76x10° | 4.00x10'2 | 2.83x10° | 2.57x107"° 0.832 0.986
7.20x10° | 4.00x107'2 | 4.77x10°5 | 2.72x10°"° 0.849 0.986
9.65x10° | 4.00x107' | 6.78x10° | 2.78x10°"° 0.858 0.984
1.45x10° | 5.00x107'2 | 1.07x10* | 2.83x107"° 0.864 0.983
1.95x10° | 5.00x107'2 | 1.47x10* | 2.85x107"° 0.868 0.982
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Table B-71. Adsorption of Mixtures of L77 and C2,6P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.036
Specific area of the polyethylene power, S=0.360 m?/g

Ci. Total Cal?77 | CnC2,6P | Powder Coq L77 Ads. L77
(M) (M) (M) Q) (M) _{molicm®)
1.00x10° | 360x107 | 9.64x10° 0.5102 4.00x10"° | 7.00x10°*2
1.50x10° | 500x107 | 1.45x10~° 0.4991 8.75x10° [ 1.00x107"
2.50x10° | 9.00x107 | 2.41x10°° 0.5005 8.75x10°° | 1.80x10™"
5.00x10° | 1.80x10° | 4.82x10°° 0.5008 1.30x107 | 3.70x107"
1.00x10™* | 3.60x10° | 9.64x10°° 0.5124 2.50x107 | 7.30x10™"
2.00x10™* | 7.20x10° | 1.93x10™* 0.4984 1.85x10° | 1.19x107"
4.00x10 | 1.44x10° | 3.86x10™* 0.4895 6.80x10° | 1.73x107"°
6.00x10™ | 2.20x10° | 5.78x107* 0.5040 1.30x10° | 1.90x107"°
8.00x10* | 2.90x10°° | 7.71x10™* 0.5015 2.00x10° | 1.96x107"°
Cea C2,6P | Ads.C2,6P | C, Total | Ads. Total | or(eq) | Xur(eq.)
(M) (molicm®) (M) (molem®) (bulk soin.) | (ads.layer)
7.04x10° | 570x10"" | 7.08x10° [ 6.40x10°" 0.006 0.110
1.07x10° | 8.50x10™"" | 1.07x10° [ 9.50x10™"" 0.008 0.106
1.93x10° | 1.07x107™ | 1.94x10° | 1.25x107"° 0.005 0.145
4.28x10° | 1.20x107'° | 4.29x10° | 1.57x10°"° 0.003 0.236
9.05x10° | 1.27x107" | 9.08x10° | 2.00x10°"° 0.003 0.363
1.87x10* | 1.31x10™ | 1.89x10™* | 2.50x10"° 0.010 0.477
3.80x10* | 1.34x107'® | 3.86x10™* | 3.07x10°% 0.018 0.562
5.72x10* | 1.39x10™ | 5.85x10™* [ 3.29x10°" 0.022 0.578
765<10* | 141x10"° | 7.85x10* | 3.36x10°"° 0.025 0.582
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Table B-72. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 =0.115
Specific area of the polyethylene power, S=0.360 m%/g

Cini. Total Cn L77 Cini.C2,6P Powder Cea L77 Ads. L77
(M) (M) (M) Q) (M) (moliem’)
2.50x10° | 2.90x107 | 2.21x10°* 0.5104 7.50x10° | 6.00x10°%
5.00x10° | 5.70x10”7 | 4.43x10°° 0.4976 1.50x10° | 1.30x107"
1.00x10°° | 1.15x10°® | 8.85x10°° 0.5004 6.25x10° | 2.40x10°"
2.00x10° | 2.30x10°® | 1.77x10° 0.4984 9.50x10™® | 4.90x107"
4.00x10° | 4.60x10° | 3.54x10° 0.4956 2.50x107 | 9.80x10™"
7.50x10° | 8.63x10°® | 6.64x10°° 0.5112 1.00x10°® | 1.66x107"
1.50x10* | 1.73x10°° | 1.33x107* 0.5004 7.05<10° | 2.26x107"°
3.00x10* | 3.45x10° | 2.66x10™* 0.4988 2.39x10°° | 2.36x10°"
5.00x10™* | 5.75x10° | 4.43x10™* 0.5002 4.68x10° | 2.38x10°"°
e | Mmoo | | mevemy | emtea) | lniea)
7.98x107 | 3.10x10™"' | 8.06x107 | 3.70x10°" 0.009 0.165
2.14x10° | 5.10x10™"" | 2.15x10° | 6.40x10°" 0.007 0.197
5.43x10° | 7.60x10"" | 5.49x10° | 1.00x10™" 0.011 0.241
1.34x10° | 9.60x10"" | 1.35x10™° | 1.45x10™" 0.007 0.339
3.08x10° | 1.03x107" | 3.11x10° | 2.01x10™" 0.008 0.486
6.16x10° | 1.04x10™" | 6.26x10°° | 2.70x10°" 0.016 0.614
1.28x10™* | 1.08x107" | 1.35x10* | 3.34x10°" 0.052 0.678
2.60x10™ | 1.14x10™"° | 2.84x10™* [ 3.50x10°" 0.084 0.674
4.37x10* | 1.20x107" | 4.84x10* | 3.58x10°" 0.097 0.665
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Table B-73. Adsorption of Mixtures of L77 and C2,6P

on the Powdered Polyethylene

Voilume of solution = 40.00 mL, Fixed initial a ;» = 0.246
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total C.L77 | Cn C2,6P | Powder Ceq L77 Ads. L77
(M) (M) (M) (9) (M) (mokcm?)
4.00x10° | 9.80x107 | 3.02x10°° 0.4992 2.90x10° | 2.10x10™"
6.00x10° | 1.48x10° | 4.52x10™° 0.4985 6.60x10° | 3.10x10°"
1.00x10° | 2.46x10° | 7.54x10°° 0.5042 7.50x10° [ 5.30x10°"
2.00x10° | 4.90x10° | 1.51x10°° 0.5107 1.70x107 | 1.03x107°
4.00x10° | 9.80x10° | 3.02x10°° 0.5004 1.34x10° | 1.89x10°"
8.00x10° | 1.97x10~° | 6.03x10°° 0.4946 8.56x10° | 2.50x107"
1.50x10* | 3.70x10°° | 1.13x10™* 0.5085 2.44x10°° | 2.74x107"
2.50x10* | 6.10x10° | 1.89x10™* 0.5134 4.85x10° | 2.81x107°
3.50x10* [ 8.60x10° | 2.64x10° 0.5008 7.32x10° | 2.87x107"°
Cw C26P | Ads. C26P | Cy, Total | Ads. Total | 1 (eq.) | Xurr(eq.)
(M) (mol/cm®) (M) (molicm®) (bulk soin.) | (ads. layer)
8.99x107 | 4.70x10™" | 9.28x107 | 6.80x10™"" 0.031 0.311
1.90x10° | 590x10™" | 1.97x10° | 9.00x10™" 0.034 0.349
4.52x10° | 6.70x10™"" | 4.60x10° | 1.19x107"° 0.016 0.441
1.16x10° | 7.70x10™" | 1.17x10° | 1.80x10™" 0.014 0.574
2.59x10° | 9.50x107"" | 2.72x10° | 2.84x107"° 0.049 0.664
5.59x10° | 1.00x10™ | 6.45x10° | 3.50x10"° 0.133 0.714
1.08x10* | 1.02x107" | 1.32x10™* | 3.76x10™"° 0.183 0.729
1.84x10* | 1.03x10" | 2.32x10™* | 3.85x107"° 0.209 0.731
2.59x10* | 1.07x107" | 3.32x10™* | 3.94x10°"° 0.220 0.729
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Table B-74. Adsorption of Mixtures of L77 and C2,6P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o 7 = 0.415
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cl77 | CnC2,6P | Powder Cu. L77 Ads. L77
(M) (M) (M) _(@ (M) (molicm’)
5.00x10° | 2.08x10° | 292x10°* 0.5045 3.15<107 | 3.90x10™"
1.00x10° | 4.15x10° | 5.85x10°° 0.5143 4.75x107 | 7.90x107"
2.00x10"° | 8.30x10° | 1.17x10°° 0.5074 1.25x10° [ 1.54x10°"°
2.50x10° | 1.04x10° | 1.46x10°° 0.4898 2.25x10° | 1.84x107"°
5.00x10° | 2.08x10° | 2.92x10°° 0.4745 9.40x10° | 2.66x10"°
1.00x10* | 4.15x10° | 585x10° 0.5007 2.66x10° | 3.31x107"°
1.50x10* | 6.23x10™° | 8.78x10°° 0.5023 464x10° | 3.52x10°"°
2.00x10* | 8.30x10° | 1.17x10™* 0.4984 6.69x10° | 3.59x10°"°
2.50x10* | 1.04x10™* | 1.46x10™* 0.5015 8.71x10° | 3.69x10°"°
g | movemd | | ooy | imtea) | Jhmien)
1.34x10° | 3.50x10"" | 1.66x10° | 7.40x10™" 0.190 0.526
2.88x10° | 6.40x107"" | 3.35x10° | 1.43x10™" 0.142 0.553
7.85x10° | 8.40x10"" | 9.10x10° | 2.38x10™ 0.137 0.647
1.08x10° | 8.60x10™"" | 1.31x10° | 2.70x10°™ 0.172 0.681
2.53x10° | 9.20x107"" | 3.47x10° | 3.58x107" 0.271 0.742
5.42x10° | 9.50x10"" | 8.08x10° | 4.26x10" 0.329 0.776
8.33x10° | 9.80x10™"" | 1.30x10™* | 4.50x10°" 0.358 0.781
1.12x10* | 1.03x107® | 1.79x10* | 4.63x10™" 0.373 0.777
1.42x10* | 1.03x10°" | 2.29x10* | 4.72x107" 0.381 0.782
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Table B-75. Adsorption of Mixtures of L77 and C2,6P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o 7> = 0.530
Specific area of the polyethylene power, S=0.360 m?/g

Ciw. Total Cm.L77 Cni.C2,6P | Powder Ceq L77 Ads. L77
(M) (M) (M) _{9) (M) (molicm’?)
5.00x10° | 2.65x10°° | 2.35x10°* 0.4995 1.00x107 | 5.70x10°"
1.00x10° | 5.30x10° | 4.70x10°* 0.5005 2.00x107 | 1.13x10°"
1.50x10° | 7.95x10° | 7.05x10°° 0.4954 8.50x107 | 1.59x107"°
2.00x10° | 1.06x10° | 9.40x10° 0.5021 1.78x10° | 1.95x107"
4.00x10° | 2.12x10°5 | 1.88x107° 0.5105 8.15x10° | 2.84x10°"
7.00x10° | 3.71x10° | 3.29x10°° 0.5047 2.20x10° | 3.32x10°°
1.00x10* | 5.30x10° [ 4.70x10°S 0.4987 3.74x10° | 3.48x10"
1.75x10* | 9.28x10°5 | 8.23x10°° 0.5014 7.65x10° | 3.61x10°"
2.50x10* | 1.32x10™* | 1.18x10™* 0.5003 1.16x10™* | 3.65x107"°
Ce C2,6P | Ads.C2,6P | C, Total | Ads.Total | (1, ,(eq) | Xin(eq)
(M) (molcm’) (M) (mollem®) | (pyuik soin.) | (ads. layer)
1.96x10° | 9.00x10°'2 | 2.06x10°* | 6.50x10™" 0.049 0.867
3.89x10° | 1.80x107"" | 4.09x10° | 1.31x10™" 0.049 0.863
5.83x10° [ 2.70x107"" | 6.68x10° | 1.87x10°" 0.127 0.854
7.89x10° | 3.30x107" | 9.67x10° | 2.29x10°" 0.184 0.854
1.69x10° | 4.10x107"" | 2.51x10° | 3.25x10°" 0.325 0.873
3.07x10° | 4.80x10™"" | 5.27x10° | 3.80x10°"° 0.417 0.875
4.47x10° | 5.00x10™"" | 8.21x10° | 3.98x10°"° 0.455 0.873
7.98x10° | 550x10°"" | 1.56x10* | 4.17x10°" 0.489 0.867
1.15x10* | 6.20x10°"" | 2.31x10* | 4.27x10°" 0.503 0.856
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Table B-76.

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;; = 0.672
Specific area of the polyethylene power, S=0.360 m?/g
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Adsorption of Mixtures of L77 and C2,6P

Ci. Total Cin. L77 Cni. C2,6P Powder Cea L77 Ads. L77
(M) (M) (™) _(g) (M) (moVem’)
5.00x10° | 3.36x10°% | 1.64x10°* 0.4956 8.10x107 | 5.70x10°"
1.00x10° | 6.72x10°° | 3.28x10°° 0.4875 1.45x10° [ 1.20x107"
1.50x10° | 1.01x10° | 4.90x10"* 0.5124 2.56x10° | 1.63x107"°
2.50x10° | 1.68x10° | 8.20x10°° 0.5002 6.40x10° [ 2.31x107"
4.00x10° | 269x10°° | 1.31x10° 0.5135 1.43x10° | 2.72x107"°
7.00x10° | 4.70x10% | 2.30x10°* 0.4985 3.34x10° | 3.03x10°"°
1.20x10* | 8.06x10° | 3.94x10°* 0.5013 6.59x10° | 3.26x107"
1.50x10™ | 1.01x10™* | 4.90x10°° 0.5006 8.57x10° | 3.35x10'
2.00x10* | 1.34x10* | 6.60x10° 0.5002 1.19x10* [ 3.42x10°"°
o | Nmovemty | o | Cmovemty | Sumtea) | umioa)
1.26x10° | 9.00x10°"2 | 2.07x10° | 6.60x10" 0.391 0.870
2.57x10° | 1.60x10™"" | 4.02x10° | 1.36x10°" 0.360 0.882
3.88x10° | 2.30x107"" | 6.44x10° | 1.86x10°"° 0.397 0.879
6.95x10° | 2.80x107'"" | 1.33x10° | 2.59x107" 0.479 0.893
1.18x10° | 2.90x10"" | 2.61x10° | 3.01x10°" 0.549 0.904
2.16x10° | 3.00x10" | 5.50x10° | 3.33x107" 0.608 0.909
3.80x10° | 3.10x10™" | 1.04x10* | 3.57x10™" 0.635 0.914
4.78x10° | 3.20x10™"" | 1.34x10* | 3.67x10°" 0.642 0.914
6.41x10° | 3.30x10'' | 1.83x10* | 3.75x10°" 0.650 0.912

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table B-77.

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.836
Specific area of the polyethylene power, S=0.360 m%/g
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Adsorption of Mixtures of L77 and C2,6P

Ci. Total Ca.lL77 | Ci C2,6P | Powder Ce L77 Ads. L77
(M) (M) (M) Q) (M) (mol/cm?)
2.50x10° | 2.09x10° | 4.10x1077 0.5018 9.85x107 | 2.40x107"
5.00x10° | 4.18x10° | 8.20x10~ 0.4986 1.48x10° | 6.00x10™"
1.00x10°5 | 8.36x10° | 1.64x10°* 0.4994 2.84x10° [ 1.23x10°"
2.00x10° | 1.67x10° | 3.30x10°° 0.5020 7.40x10° | 2.06x10™"
4.00x10° | 3.34x10° | 6.56x10°* 0.5042 2.19x10° | 2.55x107"
6.00x10° | 5.02x10° | 9.80x10°° 0.4927 3.81x10° | 2.73x107"
8.00x10° | 6.69x10°° | 1.31x10° 0.5102 5.38x10° | 2.84x107"
1.20x10™* | 1.00x10* | 2.00x10°* 0.5050 8.68x10° | 2.98x10"
1.60x10* | 1.34x10* | 2.60x10°* 0.5066 1.20x10* | 3.07x107"°
o | Cmotenty | o | (mosemy | Jumtea) | nea)
3.17x107 | 2.00x10™ | 1.30x10° | 2.60x107" 0.757 0.922
6.84x107 | 3.00x107'2 | 2.16x10° | 6.30x10™" 0.684 0.952
1.43x10° | 5.00x10™"2 | 4.26x10° | 1.28x10™" 0.665 0.963
2.96x10° | 7.00x10™2 | 1.04x10° | 2.13x10°"° 0.714 0.967
6.15x10° | 9.00x10°2 | 2.80x10° | 2.64x10™" 0.781 0.966
9.41x10° | 1.00x10°™"" | 4.75x10° | 2.83x10°"° 0.802 0.966
1.27x10° | 1.00x107" | 6.65x10° | 2.94x107"° 0.809 0.967
1.92x10° | 1.00x10™ | 1.06x10™* | 3.08x10°" 0.819 0.967
257x10° | 1.10x10™"" | 1.46x10* | 3.18x10°" 0.823 0.966
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Table B-78. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a 77 = 0.094
Specific area of the polyethylene power, $=0.360 m%/g

Cini. Total Cn L77 Cin. CSP Powder Cea L77 Ads. L77
(M) (M) (M) _(9) (M) (moliem?)
1.00x10° | 9.40x107 | 9.06x10°° 0.4976 3.50x10° | 2.00x10°"'
2.50x10° | 2.30x10% | 2.27x10°° 0.5026 1.10x107 | 5.00x107"
5.00x10"° | 4.70x10° | 4.53x10° 0.4884 5.75x10”7 | 9.40x10™"
7.50x10"° | 7.00x10°° | 6.80x10° 0.4981 1.45x10° | 1.25x107"°
1.25x10* | 1.20x10~° | 1.13x10™* 0.5103 4.65x10° | 1.55x107"°
2.50x10* | 2.30x10°5 | 2.27x10™* 0.4946 1.54x10° | 1.82x107"°
5.00x10* | 4.70x105 | 4.53x10™* 0.5041 3.79x10° | 2.01x10°%
7.50x10* | 7.00x10° | 6.80x10™* 0.5125 6.06x10° | 2.14x10°"
1.00x10° | 9.40x10°° | 9.06x10™* 0.5014 8.37x10° | 2.28x10°"
o | el | | Al | g | S
5.96x10° | 6.90x10""" | 6.00x10° [ 8.90x10°" 0.006 0.226
1.72x10° | 1.20x10°"° | 1.73x10° | 1.70x107'° 0.006 0.292
3.92x10° | 1.39x10°*° | 3.98x10° | 2.33x10™"° 0.014 0.402
6.13x10° | 1.48x107" | 6.28x10° | 2.73x10°"° 0.023 0.457
1.06x10™* | 1.60x10°" | 1.11x10* | 3.15x10°" 0.042 0.491
2.19x10* | 1.72x107 | 2.34x10* [ 3.54x10°" 0.066 0.513
4.44x107 | 1.90x10°"° | 4.82x10™* | 3.91x10°*° 0.079 0.514
6.70x10* | 2.03x10°™ | 7.31x10* | 4.17x10°" 0.083 0.513
8.96x10* | 2.11x10°* | 9.80x10* | 4.39x10°'° 0.085 0.520
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Table B-79. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;» = 0.244
Specific area of the polyethylene power, $=0.360 m%/g

Cini. Total Cn L77 Cin. C8P Powder Coa L77 Ads. L77
(M) (M) (M) (g) (M) (moliem?)
2.50x10° | 6.10x107 | 1.89x10°® 0.5102 4.75x107 | 3.00x10°"2
5.00x10° | 1.22x10°® | 3.78x10°° 0.4965 1.85x107 | 2.30x10°"
1.00x10° | 2.44x10° | 7.56x10°° 0.4987 4.50x10"° | 5.30x107"
2.00x10° | 4.90x10® | 1.51x10° 0.5033 3.00x10° | 1.07x10°"°
4.00x10° | 9.80x10° | 3.02x10°° 0.5112 2.14x10° | 1.66x107"°
7.50x10°° | 1.83x10°5 | 5.67x10°° 0.5004 8.45x10° | 2.19x10°'°
1.25x10* [ 3.05x10° [ 9.45x10~° 0.5101 1.91x10° | 2.48x107'°
2.50x10* | 6.10x10™° | 1.89x10™* 0.5005 4.83x10° | 2.81x107"
4.00x10™* | 9.80x10~° | 3.02x10™* 0.5008 8.42x10° | 2.98x10°"
| et | S | oot | i | sz
9.75x107 | 2.00x10™"' | 1.45x10° | 2.30x10™" 0.327 0.129
2.32x10° | 3.30x10™" | 2.50x10° [ 5.60x10" 0.074 0.414
5.01x10° | 5.70x10" | 5.06x10° | 1.10x10" 0.009 0.484
1.19x10° | 7.10x10™"' | 1.20x10° | 1.78x107" 0.003 0.602
2.64x10° | 8.30x10™"' | 2.86x10° | 2.49x107" 0.075 0.666
5.23x10° ! 9.90x10™" | 6.07x10° | 3.18x10°" 0.139 0.689
8.94x10° | 1.11x10™" | 1.09x10™* | 3.59x10™"° 0.176 0.690
1.83x10* | 1.40x10™™ | 2.31x10™* | 4.21x107" 0.209 0.668
2.95x10* | 1.68x10°" | 3.79x10* | 4.66x10°" 0.222 0.640
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Table B-80. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of soiution = 40.00 mL, Fixed initial a7 = 0.401
Specific area of the polyethylene power, S=0.360 m%g

Ci. Total Cn L77 C.C8P Powder Cea L77 Ads. L77
(M) (M) (M) () (M) (molem®)
5.00x10° | 2.00x10° | 3.00x10° 0.5124 1.50x107 | 4.00x107"
1.00x10° | 4.01x10® | 5.99x10° 0.5006 1.85x107 | 8.50x10°"'
1.50x10° | 6.02x10° | 8.98x10°° 0.5213 3.15x107 | 1.21x107"°
2.00x10° | 8.00x10°® | 1.20x10° 0.4986 1.17x10° | 1.53x107"°
3.00x10° | 1.20x10° | 1.80x10° 0.5122 2.48x10° | 2.07x107"°
5.00x10° | 2.00x10°° | 3.00x10° 0.5201 7.18x10° | 2.75x10°"°
1.00x10* | 4.01x10° | 5.99x10°° 0.4994 2.60x10° | 3.14x107"°
2.00x10* | 8.00x10° | 1.20x10™ 0.4937 6.49x10° [ 3.44x10°"
3.00x10* | 1.20x10* | 1.80x10™* 0.5038 1.04x10* | 3.54x107"°
Cewq.C8P | Ads.C8P | C, Total | Ads.Total | (.,,(eq) | Xur(eq.
(M) (molcm?) (M) (molcm?) (bulk soin.) | (ads. layer)
1.48x10° | 3.30x10™"' | 1.63x10° | 7.30x10™" 0.092 0.550
3.19x10° | 6.20x10™"" | 3.38x10° | 1.47x10™" 0.055 0.577
5.29x10° | 7.90x10"" | 5.60x10° | 2.00x10°" 0.056 0.606
7.71x10° | 9.50x10™"' | 8.88x10° | 2.48x10" 0.132 0.616
1.32x10° | 1.04x10™"° | 1.57x10° | 3.11x107" 0.158 0.666
2.47x10° | 1.12x10" | 3.19x10° | 3.87x107"° 0.225 0.710
5.45x10° | 1.20x107™ | 8.05x10° | 4.34x107"° 0.323 0.723
1.14x10* | 1.27x107" | 1.79x10* | 4.71x107" 0.363 0.730
1.74x10* | 1.34x107"° | 2.78x10* | 4.88x10°"° 0.375 0.725
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Table B-81. Adsorptions of Mixture of L77 and C8P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a 7, = 0.551
Specific area of the polyethylene power, S=0.360 m%/g

Cw.Total Cim L77 Ci. C8P Powder Cea L77 Ads. L77
(M) (M) (M) (9 (M) {mol/cm’)
5.00x10° | 2.75x10°® | 2.25x10°° 0.5143 3.88x107 | 5.10x10°"
1.00x10° | 551x10® | 4.49x10° 0.5062 4.85x107 | 1.10x107"
1.50x10™5 | 8.26x10° | 6.74x10°¢ 0.4992 1.22x10° | 1.57x107"°
2.50x10"° | 1.38x10°° | 1.12x10°° 0.4985 4.15x10° | 2.15x10™"
4.00x10°° | 2.20x10° | 1.80x10°% 0.5017 1.10x10° | 2.45x107°
8.00x10° | 4.41x10°% | 3.59x10°* 0.5020 3.17x10° | 2.73x10°"
1.50x10* | 8.26x10°5 | 6.74x10° 0.5015 6.93x10° | 2.96x107"°
2.25x10~* | 1.24x10* | 1.01x10™* 0.5012 1.10x10™* | 3.14x10°%°
3.00x10* | 1.65x10™* | 1.35x10™* 0.5007 1.50x10* | 3.32x10°"
e | ey | o | et | i | S
1.45x10° | 1.70x10°"' | 1.84x10° | 6.80x10°" 0.211 0.749
3.18x10° | 2.90x10™"" | 3.67x10° | 1.39x10" 0.132 0.793
5.19x10° | 3.40x10"" | 6.41x10° | 1.91x107"° 0.190 0.820
9.44x10° | 4.00x10°" | 1.36x10° | 2.55x10°*° 0.305 0.843
1.59x107° | 4.50x10™"' | 2.69x10° | 2.90x107" 0.408 0.845
3.34x10° | 550x10" | 6.52x10° | 3.28x10" 0.487 0.832
6.43x10° | 6.90x10™*" | 1.34x10™* | 3.65x10°"° 0.519 0.812
9.74x10° | 8.00x10°"" | 2.07x10™* | 3.94x10°" 0.530 0.796
1.31x10* | 9.10x10°™" | 2.81x10* | 4.23x10°" 0.535 0.785
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Table B-82. Adsorption of Mixtures of L77 and C8P

on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,7» = 0.672
Specific area of the polyethylene power, S=0.360 m?/g

Cw.Total Cs L77 Cw. C8P Powder Cea L77 Ads. L77
(M) (W) (M) Q) (M) _(molem?)
5.00x10° | 3.36x10° | 1.64x10°° 0.5204 8.10x107 | 540x107"
1.00x10° | 6.72x10° | 3.28x10° 0.5167 1.45x10° | 1.13x10™"°
1.50x10° | 1.01x10°% | 4.90x10°® 0.5016 2.73x10° | 1.63x10°"°
2.00x10° | 1.34x10°° | 6.56x10° 0.4988 4.62x10° | 1.97x10°%
4.00x10° | 2.69x10° | 1.31x10°° 0.4993 1.56x10° | 2.51x107"°
7.00x10° | 4.70x10° | 2.30x10°° 0.5107 3.44x10° | 2.74x107"°
1.00x10* | 6.72x10°° | 3.28x10°° 0.5011 5.44x10° | 2.84x107'°
1.75x10* | 1.18x10* | 5.70x10°° 0.5024 1.04x10™ | 3.00x10°"°
2.50x10* | 168x10* | 8.20x10° 0.5006 1.54x10* | 3.09x10°"°
S | moiemy | Sy | “movemt | gumtea) | Bl
1.25x10° | 8.00x10°'2 | 2.06x10° | 6.30x10™" 0.394 0.867
2.47x10° | 1.70x10°™"" [ 3.92x10° | 1.30x10™"° 0.369 0.867
4.03x10° | 2.00x10™"" | 6.76x10° | 1.83x107"° 0.404 0.892
5.62x10° | 2.10x10°"" | 1.02x10° | 2.18x10™" 0.451 0.904
1.19x10° | 2.70x10°"" | 2.75x10° | 2.78x107"° 0.567 0.902
2.14x10° | 340x10°"' | 5.58x10° | 3.08x107" 0.617 0.890
3.10x10° | 4.00x10™"" | 8.54x10° | 3.24x10°'° 0.637 0.876
5.52x10° | 4.90x10™"" | 1.59x10* | 3.49x10°"° 0.653 0.860
7.95x10° | 5.60x10'' | 2.34x10* | 3.65x10°" 0.660 0.847
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Table B-83. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,7» = 0.799
Specific area of the polyethylene power, $S=0.360 m?/g

Cin. Total Cin L77 Cin. C8P Powder Ceq L77 Ads. L77
(M) (M) (M) (9) (M) (molcm’)
5.00x10° | 4.00x10° | 1.00x10°° 0.5205 1.42x10° | 5.50x107"
1.00x105 | 7.99x10° | 2.01x10°° 0.5144 2.47x10°° | 1.19x10™"°
1.50x10°° | 1.20x10° | 3.00x10°° 0.5038 4.31x10° | 1.69x107'°
2.50x10° | 2.00x10° | 5.00x10° 0.4987 9.83x10° | 2.26x107"°
4.00x10° | 3.20x10° | 8.00x10°° 0.5104 2.04x10°° | 2.51x107"
6.00x10° | 4.79x10° | 1.21x10°° 0.5030 3.61x10° | 2.61x107"°
1.00x10™ | 7.99x10° | 2.01x10°° 0.5014 6.76x10° | 2.74x107"°
1.50x10™* | 1.20x10* | 3.00x10°* 0.5105 1.07x10™* | 2.85x107"
2.00x10* | 1.60x10* | 4.00x10°° 0.5006 1.46x10™* | 2.96x10°"°
Ce.C8P Ads. ClzP Ce. Total | Ads. Totzal Q2 (eq.) Xirr(eq.)
(M) (molem®) (M) (mol/cm®) (bulk soin.) | (ads.layer)
7.50x107 | 5.00x10" | 2.17x10° | 6.00x107" 0.654 0.910
1.66x10° | 8.00x10™ | 4.13x10° | 1.27x107"° 0.598 0.940
2.55x10° | 1.00x10"' | 6.86x10° | 1.80x10°" 0.628 0.943
4.39x10° | 1.40x107"" | 1.42x10° | 2.40x107" 0.691 0.941
7.16x10° | 1.90x10"" | 2.76x10° | 2.70x107"° 0.740 0.929
1.10x10° | 2.30x10™"" | 4.72x10° | 2.84x10°" 0.766 0.920
1.89x10° | 2.60x10"" | 8.65x10° | 3.00x107° 0.781 0.913
2.88x10° | 2.90x10°" | 1.36x10™* | 3.13x10™™ 0.787 0.908
3.88x10° | 3.10x10" | 1.85 x10* | 3.27x107"° 0.791 0.905
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Table B-84. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.908
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cn L77 Cin. C8P Powder Cea L77 Ads. L77
(M) (M) (M) (g) (M) (molicm’)
3.00x10° | 2.72x10° | 2.80x10~’ 0.5116 1.37x10° | 2.90x107"
6.25x10° | 5.68x10° | 5.70x107 0.5042 2.25x10° | 7.50x10°"
1.00x105 | 9.08x10° | 9.20x10~’ 0.4975 3.53x10° | 1.24x107"°
1.88x10° | 1.71x10° | 1.70x10°° 0.4881 8.25x10° | 2.01x107"
3.75x10° | 3.41x10° | 3.40x10° 0.5027 2.29x10° | 2.47x107"°
6.25x10° | 5.68x10° | 5.70x10°° 0.4995 4.49x10° | 2.64x107"°
1.00x10* | 9.08x10° | 9.20x10°° 0.5112 7.83x107° | 2.73x107"°
1.25x10* | 1.14x10* | 1.10x10°° 0.5035 1.01x10™ | 2.76x107"
1.50x10™* | 1.36x10°* 1.40x10°° 0.5020 1.24x10* | 2.79x10°"°
| ol | | Amaet | e | i)
1.91x107 | 2.00x10™ | 1.56x10° | 3.10x10°" 0.878 0.941
4.60x107 | 3.00x10™"2 | 2.71x10° | 7.80x10°" 0.830 0.968
7.88x107 | 3.00x107'2 | 4.32x10° | 1.27x10°" 0.818 0.977
1.47x10° | 6.00x107" | 9.71x10° | 2.07x10°"° 0.849 0.971
3.05x10° | 9.00x107"2 | 2.59x10°° | 2.56x10°"° 0.883 0.965
5.22x10° | 1.20x107" | 5.01x10° | 2.76x107" 0.896 0.957
8.53x10° | 1.50x10™" | 8.68x10° | 2.87x107" 0.902 0.949
1.07x10° | 1.70x107" | 1.12x10~* | 2.93x10°" 0.904 0.943
1.29x10° | 2.00x10"" | 1.36x10* | 2.99x10"° 0.906 0.933
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Table B-85. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a,7» = 0.064
Specific area of the polyethylene power, S=0.360 m%/g

Cin. Total Cin. L77 Cin. C10P Powder Ceq L77 Ads. L77
(M) (M) (M) (@) (M) (molicm?)
1.00x10° | 6.40x107 | 9.36x10°° 0.5122 1.10x107 | 1.10x107"
2.50x10° | 1.60x10° | 2.34x10°° 0.5031 8.20x107 | 1.70x107"
5.00x10° | 3.20x10° | 4.68x10°° 0.5045 2.17x10° | 2.30x10™"
7.50x10"° | 4.80x10° | 7.02x107° 0.4984 3.52x10° | 2.90x107"
1.00x10* | 6.40x10° | 9.36x10°° 0.5105 4.87x10° | 3.30x10™"
2.00x10* | 1.30x10° | 1.87x107* 0.5014 1.10x10° | 3.90x107"
3.00x10* | 1.90x10°5 | 2.81x10~* 0.5006 1.72x10° | 4.50x10°"
4.00x10* | 260x10° | 3.74x10°* 0.5112 2.33x10° | 5.00x10°"
5.00x10* | 3.20x10° | 4.68x10°* 0.5020 2.92x10° | 6.20x10°"
Cw.C10P | Ads.C10P | C,, Total | Ads.Total | q,,(eq) | Xur(eq.)
(M) (mol/cm’) (M) (mollem’) | (puik soin.) | (ads.layer)
8.98x10° | 8.00x107'2 | 9.09x10° | 1.90x10™" 0.012 0.579
2.16x10° | 4.00x10™" | 2.24x10° | 5.70x107"' 0.037 0.303
4.22x10° | 1.02x107*° | 4.43x10° | 1.25x107" 0.049 0.182
6.11x10°° | 2.04x10°"° | 6.46x10° | 2.33x107"° 0.055 0.123
7.51x10° | 4.03x107'° | 8.00x10° | 4.36x10"° 0.061 0.076
1.35x10* | 1.15x10° | 1.46x10™* 1.19x10°* 0.075 0.033
2.00x10™* | 1.80x10° | 2.17x10™* 1.84x10°° 0.079 0.024
2.71x10* | 2.26x10° | 2.94x10™* 2.31x10°° 0.079 0.022
3.51x10* | 2.60x10° | 3.80x10* | 2.66x10° 0.077 0.023
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Table B-86. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a7 = 0.158
Specific area of the polyethylene power, $=0.360 m%/g

Cini. Total Cin. L77 Cin. C10P Powder Ceq. L77 Ads. L77
(M) (M) (M) @ (M) (molcm’)
1.00x10° | 1.58x10° | 8.42x10°° 0.5246 9.78x107 | 1.30x10°"
2.50x10° | 3.90x10° [ 2.11x10°° 0.5108 3.04x10° | 2.00x10°"
5.00x10° | 7.90x10° | 4.21x10°* 0.4954 6.77x10° | 2.50x10™"
7.50x10° | 1.19x10° | 6.31x10° 0.5023 1.02x10° | 3.60x10°"
1.00x10* | 1.58x10° | 8.42x10° 0.5044 1.40x10° | 4.00x10°"
1.50x10* | 2.40x10° | 1.26x10™* 0.5031 2.15x10° | 4.90x10°"
2.00x10* | 3.20x10° | 1.68x10™* 0.5012 2.87x10° | 6.40x10™"
3.00x10* | 4.70x10° | 2.53x10™* 0.5009 4.41x10° | 7.40x10°"
5.00x10* | 7.90x10° | 4.21x10°* 0.5010 7.52x10° | 8.40x10"
Ceo. C10P | Ads.C10P | C,, Total | Ads.Total | (1,,(eq) | Xir(eq.)
(M) (molcm®) (W) (mol/cm®) (bulk soin.) | (ads.layer)
8.04x10° | 8.00x10°' | 9.02x10°* | 2.10x10™" 0.108 0.610
1.93x10° | 3.90x10" | 223x10° | 590x10™" 0.136 0.338
3.75x10° | 1.04x107"° | 4.43x10° | 1.29x107'° 0.153 0.196
5.35x10° | 2.13x107"° | 6.37x10° | 2.49x10°" 0.160 0.146
6.57x10° | 4.08x107"° | 7.97x10° | 4.48x10°'° 0.175 0.090
9.21x10™° | 7.56x10'° | 1.14x10* | 8.05x107"° 0.189 0.061
1.17x10* | 1.13x10° | 1.46x10* | 1.20x10°° 0.197 0.053
1.81x10* | 1.58x10™° | 2.25x10* | 1.65x10™° 0.196 0.045
3.32x10* | 1.98x10° | 4.07x10* | 2.06x10°° 0.185 0.041
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Table B-87. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o ;7 = 0.271
Specific area of the polyethylene power, S=0.360 m%/g

Ci. Total Cin. L77 Cin. C10P Powder Cea L77 Ads. L77
(M) (M) (M) (@) (M) (moliem’)
7.50x10° | 2.03x10° | 547x10°° 0.5109 3.58x107 | 3.60x10™"
1.50x10° | 4.10x10° | 1.09x107° 0.5065 1.24x10° | 6.20x10™"
2.50x10° | 6.80x10° | 1.82x10°° 0.4977 3.40x10° | 7.50x10™"
5.00x10° | 1.36x10° | 3.64x10° 0.5021 9.65x10° | 8.60x10™"
1.00x10* | 2.71x10° | 7.29x10°° 0.4995 2.36x10° | 7.80x107"
1.50x10™* | 4.10x10°° | 1.09x10™* 0.5122 3.67x10° [ 8.50x107"
2.00x10* | 540x10° | 1.46x107* 0.5017 5.01x10° [ 9.20x10°"
3.00x10* | 8.10x10° | 2.19x10™* 0.5005 7.69x10° | 9.90x10"
5.00x10* | 1.36x10* | 3.64x10™* 0.5032 1.31x10* | 1.01x10°"°
i |y | S | Aot | S | Bl

(bulk soin.) - layer)
4.64x10° | 1.80x10™" | 5.00x10° | 5.40x10™" 0.072 0.669
9.50x10° | 3.10x10"" | 1.07x10° | 9.30x10°" 0.115 0.663
1.54x10°° | 6.40x10™" | 1.88x10° | 1.39x10°" 0.181 0.540
2.88x10° | 1.69x10°"° | 3.85x10°° | 2.55x10°"° 0.251 0.338
5.74x10° | 3.46x10°"° | 8.09x10° | 4.24x10™" 0.291 0.185
8.90x107° | 4.41x107"° | 1.26x10™* | 5.26x10™" 0.292 0.162
1.20x10™* | 5.70x107 | 1.70x10™* | 6.62x10™" 0.294 0.139
1.80x10™* | 8.60x10" | 2.57x10™* | 9.59x10°" 0.299 0.103
2.96x10* | 1.50x10° | 4.27x10* | 1.60x10° 0.307 0.063
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Table B-88. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial o 77 = 0.401
Specific area of the polyethylene power, S=0.360 m?%/g

Cini. Total Cni L77 Cini. C10P Powder Cea L77 Ads. L77
(M) (M) (M) (@) (M) (molicm?)
7.50x10° | 3.01x10° | 4.49x10°° 0.5202 8.45x107 | 4.60x107"
1.50x10° | 6.02x10° | 8.98x10° 0.5148 2.94x10° | 6.60x10™"
2.50x10° | 1.00x10°5 | 1.50x10°° 0.5033 6.40x10° | 8.00x10°"
5.00x10° | 2.00x10°° | 3.00x10°° 0.5111 1.62x10°° | 8.50x107"
1.00x10* | 4.01x10° | 5.99x10° 0.4985 3.61x10° | 9.00x10°"
1.50x10* | 6.02x10° | 8.98x10°° 0.5042 5.57x10° | 9.80<10™"
2.00x10* | 8.08x10°° | 1.20x10™* 0.5015 7.53x10° | 1.09x10°7"°
3.00<10* | 1.20x10™* | 1.80x10™* 0.5020 1.15x10* | 1.15x10°%
4.00x10* | 1.60x10* | 2.40x10* 0.5038 1.55x10™* | 1.22x107"°
Ce. C10P | Ads. C1 gP Ceq. TOtal | Ads. Totzal Qlusr(eq.) X7 (eq.)
(M) (mol/cm?) (M) (molicm®) | (hyik soin.) | (ads.layer)
3.92x10° | 1.20x10™" | 4.77x10° | 5.80x10™" 0.178 0.789
7.55x10° | 3.10x10°"" | 1.05x10° | 9.70x10™" 0.280 0.682
1.21x10° | 6.30x10™"" | 1.85x10° | 1.43x107"° 0.346 0.558
2.36x10"° | 1.39x10°" | 3.97x10° | 2.24x10°"° 0.407 0.379
4.69x10° | 2.91x107™ | 8.29x10° | 3.81x10™" 0.435 0.236
7.20x10° | 3.93x107"° | 1.28x10™* | 4.91x10™" 0.436 0.199
9.72x10° | 5.00x10°™° | 1.73x10™* | 6.09x10°"° 0.436 0.178
1.48x10 | 6.92x107"° | 2.64x10™ | 8.07x10" 0.437 0.143
2.02x10™* | 8.38x10" | 3.56x10™* | 9.60x10°"° 0.434 0.127
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Table B-89. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of soiution = 40.00 mL, Fixed initial a 7z = 0.554
Specific area of the polyethylene power, $=0.360 m?/g

Cini. Total Cini. L77 Cin. C10P Powder Ce L77 Ads. L77
(M) (M) (M) (@) (M) (moliem?)
7.50x10° | 4.16x10° | 3.34x10° 0.5124 1.99x10¢ | 4.70x10™"'
1.00x10° | 5.54x10° | 4.46x10 0.5226 2.72x10° | 6.00x10™"
1.50x10° | 8.31x10° | 6.69x10°° 0.4975 4.69x10° | 8.10x107""
2.00x10° | 1.11x10° | 8.90x10°® 0.5027 6.43x10° | 1.03x10'°
3.00x10° | 1.66x10° | 1.34x10°° 0.4896 1.13x10° | 1.20x107"°
5.00x10° | 2.77x10° | 2.23x10°° 0.5103 2.13x10° | 1.40x10°"°
1.00x107* | 5.54x10° | 4.46x10°° 0.5012 4.80x10° | 1.64x107'°
2.00x10* | 1.11x10* | 8.90x10°° 0.5009 1.02x10* | 1.87x107%
3.00x10* | 1.66x10* | 1.34x10™* 0.5004 1.57x10* | 2.04x10°'°
g | ooy | oy | moemy | i) | hmied)
2.93x10° | 9.00x10™ | 4.92x10° | 5.60x10°" 0.405 0.838
3.53x10° | 2.00x10"" | 6.25x10° | 8.00x107" 0.435 0.751
4.85x10° | 4.10x10™" | 9.54x10° | 1.22x107"° 0.491 0.664
6.27x10° | 590x10" | 1.27x10° | 1.62x10°* 0.506 0.637
9.33x10° | 9.20x10™"" | 2.07x10° | 2.12x10°" 0.549 0.566
1.65x10° | 1.27x107° | 3.77x10° [ 2.67x10" 0.564 0.523
3.62x10° | 1.86x107'° | 8.42x10° | 3.50x10™" 0.570 0.468
7.68x10° | 2.75x107™° | 1.79x10* | 4.62x10°"° 0.571 0.406
1.18x10* | 3.61x10" | 2.75x10* | 5.65x10"° 0.572 0.361
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Table B-90. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;> = 0.690
Specific area of the polyethylene power, S=0.360 m?/g

Cin. Total Cin. L77 Cin. C10P Powder Ceq L77 Ads. L77
(M) (M) (M) (@ (M) (moliem?)
7.50x10° | 517x10° | 2.33x10°° 0.5014 2.76x10° | 530x10™"
1.00x10° | 6.90x10° | 3.10x10° 0.4995 3.83x10° | 6.80x107"
1.50x10°5 | 1.04x10° | 4.60x10° 0.4964 5.98x10° | 9.80x10°"
2.00x10° | 1.38x10° | 6.20x10°® 0.5145 8.40x10° | 1.17x107"°
3.00x10° | 2.07x10° | 9.30x10° 0.5088 1.42x10° | 1.43x107"°
5.00x10° | 3.45x10° | 1.55x10°* 0.4975 2.68x10° | 1.71x107"°
1.00x10™* | 6.90x10° | 3.10x107° 0.5024 5.99x10° | 2.02x107"°
1.50x10* | 1.04x10* | 4.60x10°° 0.5120 9.30x10° | 2.28x107"°
2.00x10* | 1.38x10* | 6.20x10°° 0.5013 1.27x10* | 2.48x10°"
Ce.C10P | Ads.C10P | C, Total | Ads.Total | i, ;(eq.) | Xurr(eq)
M) (mol/em®) (M) (mol/cm’) (bulk soin.) | (ads. layer)
1.91x10° | 9.00x107"® | 4.67x10° | 6.20x10™"' 0.592 0.852
2.17x10° | 2.10x10™"" | 5.99x10° | 8.90x10"" 0.639 0.767
2.81x10° | 4.10x10"" | 8.79x10° | 1.39x10™" 0.680 0.704
3.55x10° | 570x10"" | 1.20x10° | 1.74x10"° 0.703 0.671
6.00x10° | 7.20x10™"" | 2.02x10°° | 2.15x10°'° 0.702 0.665
1.14x10° | 9.10x10"" | 3.82x10° | 2.62x10°"° 0.701 0.653
2.51x10° | 1.30x107° | 8.50x10° | 3.32x10°"° 0.704 0.608
3.87x10° | 1.70x107" | 1.32x10™* | 3.98x10°"° 0.706 0.574
5.27x10° | 2.07x107° | 1.79x10* | 4.55x<10°"° 0.707 0.546
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on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a ;7 = 0.855
Specific area of the polyethylene power, $=0.360 m?%/g

289

Adsorption of Mixtures of L77 and C10P

Cin. Total Cn L77 Cin. C10P Powder Coa L77 Ads. L77
(M) (M) (M) (9) (M) (molicm?)
7.50x10° | 6.41x10° | 1.09x10°* 0.4963 3.24x10° | 7.10x10°"
1.00x10° | 8.55x10° | 1.45x10°¢ 0.5141 4.40x10° | 9.00x10°"
1.50x10° | 1.28x10° | 2.20x10°® 0.4888 7.30x10° | 1.26x107"
2.00x10° | 1.71x10° | 2.90x10® 0.5056 1.07x10°° | 1.41x10™"°
3.00x10°% | 2.57x10° | 4.30x10° 0.4972 1.81x10° | 1.69x107°
5.00<10° | 4.28x10° | 7.20x10°® 0.5021 3.36x10° | 2.03x10°"°
1.00x10™* | 8.55x10° | 1.45x10°* 0.5004 7.49x10° | 2.35x10°°
1.50x10™ | 1.28x10™* | 2.20x10°° 0.5018 1.17x10™* | 2.47x10°%°
2.00x10™* | 1.71x10* | 2.90x10° 0.5033 1.59x10™* | 2.55x10°"°
™ | oy | S | A | e | Kol

ulk soin.) - layer)
8.49x107 | 5.00x10°'2 | 4.09x10° | 7.60x10™" 0.792 0.930
1.02x10° | 9.00x107"2 | 5.42x10° | 9.90x10™" 0.813 0.905
1.34x10° | 1.90x10™"" | 8.64x10° | 1.45x10" 0.845 0.868
1.29x10° | 3.50x10"" | 1.20x10° | 1.76x10°"° 0.893 0.799
2.11x10° | 500x10°"" | 2.02x10° [ 2.19x10°"° 0.895 0.771
4.43x10° | 6.30x10™ | 3.80x10° | 2.66x10'° 0.884 0.765
1.11x10°° | 7.50x10™"" | 8.60x10° | 3.10x10°*° 0.871 0.758
1.79x10° | 8.50x10°"" | 1.35x10* | 3.32x10°" 0.867 0.745
2.48x10° | 9.30x10™" | 1.84x10* | 3.48x107"° 0.865 0.733
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Figure B-1. Surface Tension of L77, C4P and Their Mixtures
at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)

70

- 80 -
£
E )
?1 40 ) \
4 a a=1.000
] o a=0.808
30 - o a=0.611
1 x as=0.47S§
) o a=0.313
4 o a=0.209
20 4 o a=0.110
) A 2=0.029
4 a a=0.000
10 +—r—+r—+—+rr—r+r—r—rrr-r—r-r—rrrr-r-r-r-rr-rrrr--r-
-6 -5 4 -3 -2 -1 0

LogC (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure B-2.
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Surface Teasion of L77, CHP and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-3. Surface Tension of L77, C6P and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-4. Surface Tension of L77, C2,6P and Their Mixtures
at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-S. Surface Tension of L77, C8P and Their Mixtures
at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-6. Surface Tension of L77, C10P and Their Mixtures
at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-7. Adhesion Tension of L77, C4P and Their Mixtures
on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-8. Adhesion Tension of L77, CHP and Their Mixtures
on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-9.

25

Adhesion Tension of L77, C6P and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-10. Adhesion Tension of L77, C2,6P and Their Mixtures
on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-11. Adhesion Tension of L77, C8P and Their Mixtures
on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-12. Adhesion Tension of L77, C10P and Their Mixtures
on Polyethylene Substrate

Phosphate Buffer Solution, pH=7.00, 25 °C
(a: mole fraction of L77 in the solution phase)
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Figure B-13. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0ty 7=0.034)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-14. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0y 77=0.137)

(in Phosphate Buffer Solution, pH=7.00)
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Figure B-15. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O 7+=0.243)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-16. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Oy 7=0.353)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-17. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ot 7=0.503)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-18. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O.77=0.634)

(in Phosphate Buffer Solution, pH=7.00)
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Figure B-19. Adsorption Isotherms of L77, C4P and Their

Mixtures onto Powdered Polyethylene
(Fixed initial O({ +=0.819)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-20. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 7»=0.067)

(in Phosphate Buffer Solution, pH=7.00)
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Figure B-21. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0((77=0.136)
(In Phosphate Buffer Solution, pH=7.00)
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Figure B-22. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0t 7=0.285)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-23. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O 17=0.438)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-24. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 77=0.602)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-25. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 +7=0.712)
(In Phosphate Buffer Solution, pH=7.00)

3.50

3.00

2.50 ‘
] Total adsorption
L77 Individual
L77 in mixture
CHP Individual
CHP in mixture

2.00

[suX10'" (molicm’)

1.00

g
¢0.00 &FH~ror—vr—vr—vr—r——r—r—rr—+r—r—'r-r-—T"rTTTrTrTr—r
0.00000 0.0000S8 0.00010 0.00015 0.00020 0.0002S

Cea. (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



315

Figure B-26. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial ¢,.7»=0.850)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-27. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O 77=0.039)
(In Phosphate Buffer Solution, pH=7.00)
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Figure B-28. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Oy 7=0.172)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-29.

Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O +=0.269)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-30. Adsorption Isotherms of L77, 'C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol .7=0.441)

(In Phosphate Buffer Solution, pH=7.00)

4.00
ﬁ
3.50 -
3.00
1
_ ) @ Total adsorption
“e 259 O L77 Individual
% @ L77in mixture
g 2.00 © C6P Individual
o @ C6P in mixture
)
>
':,. 150
1.00 -
0.50
0.00 4 r—— —— v —r——y
0.0000 0.0001 0.0002 0.0003
Ceq. (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



320

Figure B-31. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0, 7»=0.595)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-32. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0t 77=0.751)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-33. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 7=0.877)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-34. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 7=0.036)

(In Phosphate Buffer Solution, pH=7.00)
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Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O, 7=0.115)

(In Phosphate Buffer Solution, pH=7.00)

A A A A & A A A A A

Ak od A b

Total adsorption
L?77 individual
L77 in mixture
C2,6P Individuai
C2.6P in mixture

¢ 0008

—— T v ™

0.0001

Ty r———————

00002  0.0003
Ceq. (M)

T v v 2 2

0.0004 0.0005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



325

Figure B-36. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0, 7»=0.246)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-37. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0. 7»=0.415)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-38. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 77=0.530)

(in Phosphate Buffer Solution, pH=7.00)
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Figure B-39. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 7=0.672)
(In Phosphate Buffer Solution, pH=7.00)
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Figure B-40. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethyiene

(Fixed initial 0 ~=0.836)

(in Phosphate Buffer Solution, pH=7.00)
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Figure B-41. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 00 7=0.094)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-42. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0Ly 7=0.244)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-44. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Oy 77=0.551)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-45. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 7=0.672)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-46. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 7=0.799)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-47. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 7+=0.908)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-48. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O .77=0.064)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-49. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Oty 7=0.158)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-50. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O 77=0.271)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-51. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O =0.401)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-52. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ot 17=0.554)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-53. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 77=0.690)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-S4. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial Ol 7=0.855)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-55. Plots of ['s_towm vs. LnC for L77, C4P
and Their Mixtures

In Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-56. Plots of I sy 1o vs. LnC for L77, CHP
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-57. Plots of ['s_you vs. LaC for L77, C6P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-58.

Plots of ['si_tom vs. LnC for L77, C2,6P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-59. Plots of ['s; 1o vs. LnC for L77, C8P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-60. Plots of ['si 1o vs. LnC for L77, C10P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-61.

40.0

Plots of T vs. LaC for L77, C4P

and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-62. Plots of Tg. vs. LnC for L77, CHP

and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-63. Plots of Tts; vs. LnC for L77, C6P
and Their Mixtures

In Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-64. Plots of 75 vs. LnC for L77, C2,6P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-65. Plots of 75 vs. LnC for L77, C8P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
(a: mole fraction of L77 in the solution phase)
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Figure B-66. Plots of m5_ vs. LnC for L77, C10P
and Their Mixtures

in Phosphate Buffer Solution, pH=7.00
{a: mole fraction of L77 in the solution phase)
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Appendix |
Analysis of Experimental Errors

. ____1_ d}’u)
1 ATl L = nRT(dInC .
ar,, o
LY SN . la‘T{ AT + “1 Ayt AC
L) 29 SO B i 7 | (dm)"m S a1
" |nRT? dlnCl InRT (dInC)?| \dInC v *IRT (dInC)?| C

+ dz/ulld}’ul Ay d}'ua é_c_:_
(dInC)?| |dInC| u* gncy| ¢

Where: R =8.3143x10" ergK'mol’, T =298.2K;

1 ld}'u l
nRT Tldinc|

n=1 for nonionic surfactants

2
(:"_f_u_] =14.5; Iru__gs,  8C_2410
dinC J, (dinC)? c
AT =0.5K ; Ay, =0.5mN/m
1 145 0.5 )
MMy = 55723707 298.2[298 <0.5+0.5x 1> +05x2x10 2}

1 (0.024 +0.017 +0.01) = 2.06 x 102 (mol / cm?)

T 2.48x10
Alr 12
A tloar , 4005 = 208X10™ 0006 - 0.817%
e 252x10°°
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(Clm - CEq ) v
w

2.A|r3L|..,: g =

(1) UV Absorbance Measurements: ABS =¢bC

_ (ABS,, - ABS.,)
st - e-W-b

InCs | =|IN(ABS,, - ABS,,,| +[InV| +[Ing + InW/| + linb|

Alg, _ AABS,, +AABS,, . AV +A€+ﬁv_!+§£
s  |ABS,, - ABS V ¢ W b

|

Where  AABSin =AABS.q=0.002; ABS,=1.465; ABS.,=0.848
AV=0.05ml; V=40.00ml; A = 55 M'.cm"

£=6125M".cm™; AW =0.0001 g; W = 0.5000 g; Ab = 0

Alg, 0.002+0.002 0.05 S5 0.0001

1.465-0.848 = 40.0 6125 @ 0.5000

x100%={ }x100%=1.49°/o

St

(2) Two Phases Titration:
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Al AV, +AV, AC AV, AV AW
= + + + +
r, V,-V, C V, V W

Where AV1=AV2=0.10 mi; V,=32.45 ml, V>=18.20mi
AV=0.02ml, V,=20.00 mi; AV=0.05ml, V=40.00ml

AW=0.0001 g, W=0.5000 g; AC=0

0.10+0.10 . 0.02 . 0.02 +0.0001
32.45-18.20 20.00 40.00 0.5000

x100% = ( )x 100% = 1.42%

. AlrSleax 0, 0, 0 )
Total: —r——X100/o=1.49/o+1.42A)=2.91A)
St
When s = 2.72x10"° mol/cm?

Al Tst | max= 7.9x10°'2 mol/cm?

1 d(y._cosé8)
nRT diInC

3. AlFSAlm: Fea =Tg -

1 ld(y,_, cosa)|
x A
nRT | diInC
=7.9x107" + 1 x0.1
8.3143x 107 x298.2

=1.2x107"" (mol I cm?).

Y| =AlFSLlM +
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Fitted Polynomial Functions for the Curves of ['s_ vs. LnC

1. L77-C4P System

a77=1.000 y=—9.757-2.690x-0.145x%
a,77=0.611 y=—14.500-3.820x-0.280x7,
@ 77=0.313 y=—16.961-4.561x -0.252x%,
@ 77=0.110 y=26.321+4.229x+0.169x%,

o 77=0.000 y=5.461+0.837x+0.032x°

2. L77-CHP System

@,77=0.838 y=-10.094-2.948x-0.159x7,
a77=0.581 y=-4.673-1.901x-0.1152,
a,77=0.253 y=3.645-0.578x -0.065x°,

a,77=0.058 y=2.998-0.521x -0.069x°,

3. L77-C6P System

a,77=0.868 y=-2.490-1.372x-0.086)°,
@, 77=0.574 y=-6.364-2.215x-0.128x7,
@ 77=0.243 y=6.980+0.109x-0.027x%,

o, 77=0.028 y=9.865-1.022x-0.0225x7,

aL77=0.8°5

y=—12.618-3.229x-0.174x*

a,77=0.473 y=-12.377-3.470x-0.193x*

a.77=0.209

a.77=0.029

a2, 77=0.694
am=0.407
. 77=0.115

a77=0.000

aLn=°.735
am=0.41 7
a 7=0.152

QL77=°.00°

y=—19.592-5.454x -0.316x°

y=4.874+0.128x -0.028x*

y=-12.270-3.307x-0.179x*
y=—-4.747-2.228x-0.144X°
y=—3.817-2.270x-0.168x°

¥=10.597+1.593x+0.060x*

y=-7.590-2.365x -0.133%°
y=—2.283-1.578x-0.104x*
y=10.144+0.837x+0.0095x°

y=—2.312-1.070x-0.0684)°

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



360

4. L77-C2,6P System

a,77=0.823 y=-3.047-1.570x-0.0982¢,  @77=0.650 y=-4.258-1.988x-0.123x°
. 77=0.503 y=—1.787-1.709x-0.117x2, ,77=0.381 y=3.498-0.768x-0.0738x>
,77=0.220 y=8.584+0.510x-0.0054x7, @,77=0.097 y=9.716+0.880x+0.0141x*

. 7=0.025 y=9.542+1.013x+0.0225x°, @,77=0.000 y=16.064+2.252x+0.0773x°

5. L77-C8P System

a,77=0.906 y=-6.906-2.246x-0.128x°, a77=0.791 y=-5.927-2.314x-0.125x>
a,77=0.660 y=-1.251-1.340x-0.0911x*  @;7=0.535 y=3.247-0.574x-0.0578x>
a,77=0.375 y=4.464-0.555x-0.0621x, 0, 77=0.222 y=12.288+1.064x+0.0122)°

a.77=0.085 y=6.150+0.0194x-0.035x7, a,77=0.000 y=-4.757-1.724x-0.103x°

6. L77-C10P System

a,77=0.865 y=0.775-1.017x-0.0822x°, 0,77=0.707 y=17.042+1.801x+0.039x*
o 77=0.572 y=25.412+3.267x+0.102x2, a 77=0.434 y=83.43+14.118x+0.602%°
@.77=0.307 y=28.568+3.857x+0.128 ¥, 1 ;7=0.185 y=255.8+46.172x+2.079x°

@, 77=0.077 y=378.46+70.035x+3.231x°, @,;7=0.000 y=62.489+9.799x+0.385x°
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